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Preface

This work was conducted by Southwest Research Institute (SWRI), San Antonio, Texas, under Subcontract
No. YAW-3-12243-01, SwRI project number 03-5901 for the U.S. Department of Energy (DOE) in
Washington, D.C., and the National Renewable Energy Laboratory (NREL) in Golden, Colorado. The
contributions of technical monitors Christopher P. Colucci and Brent K. Bailey of NREL, John A. Russell
and John Garbak of DOE, and subcontract administrators Ernest G. Oster and Brian Rieper of NREL are
gratefully acknowledged. The expertise of Ms. Jo Ann Brown in preparing this report is also greatly
appreciated.

The objective of this 3.5-year project is to develop a commercially competitive vehicle powered by ethanol
(or an ethanol blend) that can meet California’s ultra-low emission vehicle (ULEV) standards and
equivalent corporate average fuel economy (CAFE) energy efficiency for a light-duty passenger car
application. The definition of commercially competitive is independent of fuel cost, but does include
technical requirements for competitive power, performance, refueling times, vehicle range, driveability,
fuel handling safety, and overall emissions performance.

This report summarizes the second phase of this project, which lasted 12 months. This report documents
two baseline vehicles, the engine modifications made to the original equipment manufacturer (OEM)
engines, advanced aftertreatment testing, and various fuel tests to evaluate the flammability, lubricity, and
material compatibility of the ethanol fuel blends.
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Executive Summary

Ethanol is attractive as an alternative fuel for spark-ignition engines for a variety of reasons. First, it is
a renewable fuel, derivable from biomaterials. Many alternative fuels are derived from petroleum, and
their long-term potential is therefore limited by the availability of petroleum. Second, ethanol has an
average octane number (R+M)/2) of about 106, compared to about 87 for regular grades of gasoline.
The higher octane number implies greater resistance to knock, which allows for higher compression ratios
that produce greater cycle (and therefore fuel) efficiency. Third, because ethanol is derived from biofuels,
there is arguably no net increase in greenhouse gases. This is in sharp contrast to petroleum-fueled
vehicles, and especially natural gas-powered vehicles that typically have low nonmethane hydrocarbon
emissions, but high emissions of methane, a significant greenhouse gas. Fourth, ethanol is nontoxic, unless
toxins are added to prevent human consumption. Fifth, the fuel is naturally low in evaporative emissions,
although in practice this potential advantage is offset with the addition of gasoline additives to increase the
vapor pressure for starting and fuel tank safety. Sixth, the reactivity factor (potential for exhaust products
to form ozone) for ethanol is significantly less than for gasoline, with preliminary estimates being about
0.68 (Marshall 1994) that of standard gasoline. Seventh, the principal emissions are unburned ethanol and
acetaldehyde, formed in the first oxidation step of ethanol, which make a simpler mix of gases that must
be treated in the exhaust catalyst than those produced by gasoline combustion.

Ethanol also presents engineering challenges that are present with any new fuel. For ethanol, low-
temperature cold-starting and fuel tank flammability are problems. The energy content of ethanol is about
63% that of gasoline, which decreases range or increases fuel tank size. Current ethanol costs are high
enough to make it noncompetitive with gasoline, although encouraging cost reductions are being obtained.

Southwest Research Institute has been contracted by DOE and NREL to develop a dedicated ethanol- or
ethanol-blend-fueled ULEV. This vehicle must be competitive with conventional gasoline-powered
vehicles in cost, reliability, and performance, but not in fuel cost.

Southwest Research Institute proposed to make changes in the engine and aftertreatment systems of a
standard OEM production vehicle to increase its efficiency and simultaneously reduce its emissions to
ULEYV standards. The vehicle platform selected for these modifications was the 1993 Ford Taurus flexible
fuel vehicle (FFV) designed to operate on M85 and gasoline, and equipped with the 3.0-liter Vulcan
engine. Selecting a vehicle that had materials compatible with both methanol and gasoline resulted in no
material compatibility problems with ethanol fuels. The Ford FFV was the only U.S.-made FFV readily
available when the vehicles were purchased. Two vehicles were purchased so that simultaneous testing
of the engine modifications and the advanced aftertreatment devices could be conducted.

Three major changes to the engine were described by Bourn et al. (1994), and all three have been
completed in Phase 2. These include increasing the compression ratio of the engine from 9.3 to 11.0 to
take advantage of the high octane number of ethanol blend fuels, changing the fuel injectors to fine-spray
air-assist injectors, and using a SWRI rapid prototype engine control system engine controller (RPECS) to
provide more precise air-fuel ratio control and to control the aftertreatment system.

Although several advanced aftertreatment devices will be evaluated during this project, only electrically
heated catalysts (EHCs) were scheduled for preliminary evaluation during Phase 2. Although the baseline
vehicle emissions were quite low, adding the EHC to the standard unmodified OEM vehicle further reduced
exhaust emissions. All tests were conducted with a vehicle mileage of about 4,000 miles, with the catalysts
aged as described in this report. Carbon monoxide was reduced about 53% from the baseline vehicle to
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vehicle to 0.80 g/mi, about one-half the ULEV standard of 1.7 g/mi at 50,000 miles. Nitric oxide was
reduced about 12% from the baseline vehicle to 0.068 g/mi, or less than one-half the ULEV standard of
0.2 g/mi at 50,000 miles. Nonmethane organic gases (NMOGs) estimated from hydrocarbons were
reduced 49% from the baseline vehicle to about 0.052 g/mi, close to, but higher than the 0.040 g/mi
NMOG standard. Catalyst aging factors are not available for this aftertreatment system, but emissions
measured at 4,000 miles are presumably significantly less than the ULEV standards for 50,000 miles to
account for catalyst degradation.

During Phase 3, the engine control system will be developed sufficiently to provide reliable low-
temperature cold starts and produce very low engine-out emissions. Also during Phase 3, other advanced
aftertreatment systems will be evaluated.
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List of Abbreviations

Abbreviation Description

AMA Automobile Manufacturers Association

ASTM American Society for Testing and Materials
BOCLE Ball on Cylinder Lubrication Evaluator

CAFE corporate average fuel economy

DOE U.S. Department of Energy

DSP digital signal processor

ECU engine control unit

EHC electrically heated catalyst

FID flame ionization detector (for hydrocarbons)
FIDHC hydrocarbons measured by flame ionization detector

FIDRCH 4 FID response factor for methane
FIDRETH  FID response factor for ethanol

FFV flexible fuel vehicle

FTP U.S. federal test procedure (light-duty, for emissions testing)
IMEP indicated mean effective pressure

LEV low-emission vehicle

LFE laminar flow element

MAF mass air flow -
MBT minimum timing advance for best torque

ms milliseconds

NMHC hydrocarbons excluding methane

NMOG nonmethane organic gases

NREL National Renewable Energy Laboratories
OEM original equipment manufacturer

PEI Petroleum Equipment Institute

PW pulse width

RAF reactivity factor

RPECS rapid prototyping engine control system
RVP Reid vapor pressure (at 100° F)

SMD Sauter mean diameter

SwRI Southwest Research Institute

TDC top-dead-center

TESS Trajectory and Evaporation of Spray Systems
TLEV transitional low emission vehicle

ULEV ultra-low emission vehicle

UNLG unleaded gasoline

Jm micrometers



Overall Project

This report summarizes progress made toward developing an ethanol-fueled ULEV. The effort was
divided into six tasks, and the progress is reported separately for each task. However, a few items were
not specific to one task and are discussed in this section.

Vehicle Platform Choice

As discussed by Bourn et al. (1994), a 1993 Ford Taurus FFV was chosen for modification to meet ULEV
standards. The logic for choosing this vehicle was as follows. First, a significant amount of work has
gone into developing materials suitable for use with alcohol fuels. This is especially true for fuel tanks,
fuel pumps, fuel lines, and fuel injectors, all of which are typically of different materials than for many
standard gasoline-fueled vehicles. Instead of working to redevelop these materials, the decision was made
to choose a vehicle designed to be operated on alcohol fuels. In the U.S., production vehicles designed
to operate on alcohol are all designed as FFVs, or vehicles that operate on methanol/gasoline blends in
the range from 85% methanol/15% gasoline to 100% gasoline. Recently some FFVs have been designed
to run on ethanol rather than methanol.

Having chosen an FFV for the beginning platform, a particular manufacturer needed to be chosen.
Because this work was funded by DOE, the vehicle had to be produced by a U.S.-based manufacturer.
At the time the choice was made, GM had decided to stop producing FFVs, although there were many
3.1-liter Chevrolet Lumina vehicles in fleets. Chrysler was switching between vehicles and engines for
its FFVs. Therefore, the Ford Taurus FFV with the 3.0-liter Vulcan engine was chosen as the starting
platform. An advantage of this choice was that the vehicle had low emissions to start with, meeting
transitional low-emission vehicle (TLEV) standards. A disadvantage was the relatively old engine design,
a push-rod, two-valve per cylinder engine with a "bathtub" combustion chamber.

Because work was being conducted on the engine and the aftertreatment systems simultaneously, two 1993
Ford Taurus FFVs were obtained. The first was used in the standard production form but with various
advanced aftertreatment systems. The second was used for engine development, and the engine was
removed and placed in an engine test cell in a refrigerated chamber. Results from both these efforts shall
be combined in one demonstrator vehicle.

Accelerated Schedule

At NREL’s and DOE’s request, SWRI submitted a proposal to accelerate the project from the originally
proposed 42 months to 32 months. That proposal was approved after the end of Phase 2. That proposal
included the development of a digital signal processor (DSP) based engine controller, the development
and application of model-based controls with the help of consultant Robert Weeks, consulting by Mr.
David Gardiner concerning low-temperature cold-start, and increased efforts in managing the overall
project and incorporating technologies developed at NREL and other laboratories.

Technical Papers

Two technical papers were written and the accompanying presentations given concerning this project. A
technical paper and presentation were prepared for the 1994 Annual Automotive Technology Development
Contractors’ Coordination Meeting in Detroit. A paper was also presented at the SAE Congress in
February 1995. This second paper described estimates of fuel evaporation rates using the trajectory and
evaporation of spray systems (TESS) code. The calculations included estimates for bench tests, where

vi



high-quality data for drop sizes and fuel vaporization rate were available for comparison with calculated
results, and in-cylinder computations, where there is little knowledge about evaporation rates. The
capability for in-cylinder calculations was developed on a previous NREL/DOE project, and the in-
cylinder calculations were for the Ford 3.0-liter high-compression engine being developed for this project.
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Task 1 Fuel Blending and Testing

Objective

The objective of Task 1 was to determine the effects of ethanol fuel-additives on fuel tank flammability,
cold startability, corrosion, wear, and lubricity.

introduction

Fuel tank flammability is a safety concern that has been sometimes overlooked because very few (if any)
fire-related accidents in automobiles have been attributed to explosions within the fuel tank. Most
accidents involving fire are caused by fuel tank rupture. Spilled gasoline is the worst of fire hazards
because its vapors quickly envelop the vehicle causing a tumultuous deflagration. Other fire hazards
involve fuel leaks in the engine compartment where the hot exhaust manifold and corona discharge around
ignition wires are potential ignition sources.

At temperatures above -10°C (14°F), the concentration of gasoline fumes in the vapor space of an
automotive fuel tank is above the rich flammability limit (Goodger 1980). When the fuel temperature is
below ~-40°C (~-40°F) the vapor concentration falls below the lean flammability limit. Between -10°C
(14°F) and -40°C (-40°F), the vapors are flammable and could be ignited if subjected to a sufficiently
strong ignition source. Temperatures that define the flammable range of the fuel vapor are termed the
upper and lower temperature limits of flammability. Temperature limits of flammability are affected by
Reid vapor pressure (RVP) and fuel composition.

A primary objective in Task 1 was to develop correlations of vapor pressure with temperature that could
be used to predict temperature limits of flammability and cold startability. Cold start depends on the rate
at which fuel can evaporate at low temperatures. Vapor phase equilibrium plays an important role in the
evaporation of fuel droplets. The results of Task 1 will give important information for evaporation models
used to predict cold start in ethanol fueled engines.

Combustion associated corrosion and wear were discussed in Phase 1 (Bourn et al. 1994). Fuel lubricity,
which is important to fuel pump and fuel injector wear, is a topic of the present report. It is measured
in terms of a wear pattern produced as the result of rubbing two metal surfaces together in the presence
of the fuel. Experience has shown that oxygenated fuels have lubricating properties similar to gasolines.
However, alcohols absorb water, which degrades fuel lubricity.

In Task 1, measurements of vapor pressure, temperature limits of flammability, and fuel lubricity were
made on E100 (neat ethanol), Ed85 (85% denatured ethanol, 15% gasoline), and various blends of neat

ethanol and blending stocks. The effects of water absorption and dissolved oxygen on fuel lubricity are
addressed.



Test Fuels

The fuels included E100, gasoline, a baseline fuel Ed85, six blends of neat ethanol that contained 15%
unleaded gasoline, butane, pentane, isopentane, Cs/C isomerate, and diethyl ether. In addition, six similar
blends that contained 5% of the same additives were made. The baseline fuel Ed85 is also referred to as
E80 because the denatured ethanol is often 5% gasoline. Hence, the terms Ed85 and E80 are
interchangeable in this report.

Octane Number Tests

An outside lab determined octane numbers on the Ed85 (or E80) fuel with the results shown in Table 1-1.
These results suggest a blending octane number (R+M)/2 for the neat ethanol was 105.7. That is, the
gasoline lowers the (R+M)/2 octane number of neat ethanol from about 105.7 to 102.1, which is
significantly higher than the highest octane motor gasolines. For an Ed85 dedicated vehicle as opposed

to the flexible fuel type, the higher octane number would permit a higher compression ratio and improved
cycle efficiency.

Table 1-1. Octane Measurements for E80 (Ed85) (80% Ethanol, 20% Unleaded Gasoline).

Method Octane Number
Research (R) 104.8
Motor (M) 99.3
(R+M)/2 102.1

Because water affects the octane number and the miscibility of ethanol in gasoline, the fuel blends were
prepared with anhydrous ethanol. Desiccant breathers were installed on all opened fuel drums to prevent
water from contaminating the fuel. The air breather tubes were closed when the fuels were not in use.

American Society for Testing Materials Standards for Ethanol Fuel Blends

American Society for Testing Material (ASTM) Committee D-2 on Petroleum Products and Lubricants is
currently working on a new Standard Specification for Fuel Ethanol (Ed85-Ed70) for Automotive Spark-
Ignition Engines. This specification defines different volatility classes for ethanol fuels throughout the U.S.
based on geographic location and month of the year. The approach recognizes that the RVP of gasoline
used in blending E80 should be increased to prevent problems with cold starting and driveability in cold
weather. Southwest Research Institute is not directly involved in the ASTM effort, but the results of the
study are important in the present project to define the fuel characteristics required for different cold-start
conditions. This project may result in hardware that might reduce the fuel volatility requirement, but much

work remains before that can be fully assessed. A draft copy of the proposed standard is attached as
Appendix A.



Vapor Pressure Measurements and Correlations
Apparatus and Procedure

Vapor pressures were measured with a Grabner model CCA-VPS and a Grabner model CCA-VP equipped
with Peltier cooler. A separate fluid cooling apparatus was used to help the Peltier cooler reach
temperatures below -1°C (30°F). The instruments were calibrated with 2,2-dimethyl butane and n-
pentane standards. Fresh blends of 5% and 15% by volume of n-butane, n-pentane, i-pentane, isomerate,
diethyl ether, and UNLG with ethanol were prepared. Their vapor pressures were determined at -14.4°C
(6°F), -1.1°C (30°F), 21.1°C (70°F), 37.7°C (100°F), and 54.4°C (130°F). The results of these vapor
pressure measurements are shown in Table 1-2.

Figures 1-1 through 1-3 show Clapeyron-Clausius plots of the vapor pressure data for the ethanol blends
in Table 1-2. Significant curvature is observed in most of the plots. For each fuel, the data were
correlated according to the expression, '
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Table 1-2. Ethanol and Ethanol Blend Vapor Pressures as a Function of Temperature.

Vapor Pressure, kPa (psi). @ Temperature, °C (°F)

Sample -14.4°C -1.1°C 21.1°C 37.7°C 54.4°C
(Sample Label) (6.0°F) (30°F) (70°F) (100°F) (130°F)
E-80 (Ed-85) 12.6 14.0 27.6 50.8 88.1
(1.83) (2.03) (4.00) (7.38) (12.8
E-100 12 23 5.9 16.6 36.5
(6.17) (0.33) (0.86) (2.41) (5.29)
Unleaded Gasoline 4.0 25.8 53.3 89.8 141.8
(0.58) (3.74) (7.73) (13.0) (20.6)
85% Ethano] + 15% Component
n-Butane (E85-1) 28.0 45.6 88.3 140.0 212.0
(4.06) (6.61) (12.8) (20.31) (30.7)
n-Pentane (E85-2) 8.5 14.0 33.1 62.0 108.1
(1.23) (2.03) (4.80) 9.0) (15.7)
Iso-Pentane (E85-3) 10.6 18.1 41.0 73.8 124.0
(1.54) (2.63) (5.95) (10.7) (18.0)
Isomerate (E85-4) 8.6 15.0 348 64.2 110.7
(1.25) (2.18) (5.05) (9.32) (16.0)
Di-Ethyl Ether (E-85-5) 4.2 7.4 18.4 37.4 69.5
(0.61) (1.07) 2.67) (5.42) (10.0)
Unleaded Gasoline (E85-6) 6.8 11.6 24.2 44.9 78.6
(0.99) (1.68) (3.51) (6.51) (11.4)
95% Ethanol + 5% Component
n-Butane (E95-1) 12.9 20.8 41.1 68.6 108.5
(1.87) (3.02) (5.96) (9.95) (15.7)
n-Pentane (E95-2) 42 7.3 16.9 34.1 63.7
(0.61) (1.06) (2.45) (4.96) (9.24)
Iso-Pentane (E95-3) 5.5 8.8 19.7 37.8 68.4
(0.80) (1.28) (2.86) (5.49) (9.92)
Isomerate (E95-4) 4.83 7.5 17.3 34.6 63.7
(0.70) (1.09) (2.51) (5.03) (9.24)
Di-Ethyl Ether (E95-5) 2.1 4.6 10.3 23.7 47.7
(0.31) 0.67) (1.49) (5.03) (6.92)
Unleaded Gasoline (E95-6) 3.1 5.8 124 26.2 50.9
(0.45) (0.84) (1.80) 3.8 (7.38)
ey -4+2. 5 -
T T2

where P, is the vapor pressure, T is the absolute temperature, and A, B, and C are fuel dependent
constants. Equation 1-1 is an extension of the Clapeyron-Clausius equation where the term, C/T2, was
added to account for the nonlinearity of the curves shown in Figures 1-1 through 1-3. Table 1-3 lists the
parameters A, B, and C for the various fuels that have been examined.



Table 1-3. Correlating Parameters for Vapor Pressure Expressions: Ln(P)=A + BT + C/T 2
Units: P in kPa, T in Degrees K.

Fuel Description Code Name A B 1]
Unleaded Gasoline UNLG 11.34 -1,520.0 -1.878 x 10°
Neat Ethanol E100 38.36 -17,040.0 1.8565 x 10°
Ethanol - 20% UNLG ES80 37.98 -17,660.0 2.193 x 108
Ethanol - 15% n-Butane E85-1 13.29 -2,692.0 3.050 x 104
Ethanol - 15% n-Pentane E85-2 21.81 -7,541.0 6.340 x 10°
Ethanol - 15% iso-Pentane E85-3 18.06 -5,365.0 3.368 x 10°
Ethanol - 15% C¢/Cg Isomerate E85-4 18.87 -5,817.0 3.856 x 10°
Ethanol - 15% Diethyl Ether E85-5 23.88 -8,768.0 7.661 x 10°
Ethanol - 15% UNLG E85-6 21.61 -7,751.0 6.879 x 10°
Ethanol - 5% n-Butane E95-1 16.49 -4,853.0 3.236 x 10°
Ethanol - 5% n-Pentane E95-2 25.21 -9,701.0 9.190 x 10°
Ethanol - 5% iso-Pentane E95-3 25.68 -10,110.0 1.012 x 10°
Ethanol- 5% C4/C4 Isomerate E95-4 28.55 -11,760.0 1.237 x 10°
Ethanol - 5% Diethyl Ether E95-5 24.45 -9,099.0 7.708 x 10°
Ethanol - 5% UNLG E95-6 26.57 -10,600.0 1.041 x 10°

Curvature is caused by changes in the heat of vaporization with temperature and the effect of temperature
on the solubility of the additive in ethanol. At lower temperatures, the nonpolar hydrocarbon additives
become less miscible in ethanol so their vapor pressure dependence on concentration becomes more
nonideal. Nonideal solutions have higher vapor pressures because the components act more independently
to produce the observed vapor pressure. All ethanol-hydrocarbon solutions are nonideal, so lowering the
temperature tends enhance that effect (make the solutions more nonideal). In contrast, the E95-5 and E85-
5 blends of ethanol and diethyl ether have much lower vapor pressures than the ethanol-hydrocarbon
blends because diethyl ether forms a nearly ideal solution with ethanol.

However, a more detailed analysis of the data involving parameters such as equivalence ratio, fuel-air
ratio, and measured flammability limits was desired. The vapor pressure temperature correlations
represented by Equation 1-1 are used with literature data on flammability limits to predict the upper
temperature limits of flammability given in the next section.



Flammability Limit Data
Apparatus

The apparatus used in this study was similar to those used by Fanick et al. (1990) and Lawson et al.
(1987) to measure flammability limits of fuel vapors. The combustion vessel shown in Figure 1-4 was
a 500-mL three-neck round-bottom pyrex flask. The flask dimensions were sufficient to preclude
wallquenching effects on the flammability limits (Zabertakis 1952; Coward and Jones 1952). The
electrodes for ignition and the thermocouples for measuring fuel temperature were mounted in rubber
stoppers that were placed in ports of the round bottom flask. The igniter electrodes consisted of two 10-
cm lengths of 14-gauge copper wire mounted in parallel 12.7-mm apart in the stopper. The copper
electrodes were sharpened to a point and bent at the ends to form a 2.5-mm spark-gap at the center of the
flask. The electrodes were insulated with a polyethylene sheath up to where they were bent to form the
spark-gap. An automotive spark coil capable of producing a continuous 400-Hz oscillating arc discharge
was used to ignite the fuel vapors.

In fuel tanks, one ignition source of concern is a spark created by a triboelectric source charge
accumulation in the fuel. Another source is a person charged with static electricity standing next to an
open fuel tank. van Dolah et al. (1963) gave an interesting example; if an average-sized man with a
capacitance of 300 pF builds up a charge of 10,000 volts, a discharge with an energy of 15 mJ could be
initiated. From this standpoint, the automotive spark coil igniter, which produced a highly visible arc
between the electrodes, was assumed to be an overwhelming ignition source.
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Figure 1-4. Flammability test apparatus.



Procedure

The combustion vessel was filled with 25 mL of test fuel. It was agitated to wet the walls of the flask
so the fuel would evaporate and mix with the air. The flask was immersed in a constant temperature
isopropanol/water bath controlled to within 0.5°C. It required about 30 minutes for the liquid fuel and
bath temperatures to equilibrate. An attempt was made to ignite the fuel-air mixture about 20 minutes
after the liquid fuel and bath temperatures reached equilibrium. The temperature limits of flammability
were determined by trial and error.

At the start of testing, a presumed bath temperature was chosen. If ignition occurred at the chosen
temperature, it would be characterized as weak, medium, or strong, depending on the aural (visual)
intensity of the explosion. If the explosion was weak, the conditions were very close to the temperature
limit of flammability. Therefore, in the next test the bath temperature would be raised just a few degrees.
If no ignition occurred, the temperature limit was within a few degrees of the bath temperature in the last
test. Once the temperature limit of flaimmability was bracketed to within a few degrees, tests were
performed in 1°C increments to achieve accuracy to within 1°C.

Results

Rich and lean flammability limits were measured, and are presented in Table 1-4. Figure 1-5 shows the
flammability results from Table 1-4 plotted versus the RVP, which is the vapor pressure measured at
37.7°C (100°F), from Table 1-2. The flammability limits correlate with the RVP, except those data that
are tagged with labels. The labels in Figure 1-5 correspond with those defined in Table 1-2. The
flammability limits may be predicted from the Reid vapor pressures except for the mixtures with n-butane,
diethy! ether, and neat ethanol.
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Figure 1-5. Temperature limits of flammability of ethanol blends containing
5% and 15% fuel additive.



The relationship between fuel vapor pressure and flammability limits was investigated further to determine
how the flammability limits may be accurately predicted from the vapor pressures. This is important in
estimating both engine cold startability and fuel tank flammability. N-butane shows a different
flammability versus vapor pressure than the other mixtures because it forms a less ideal solution with
ethanol; i.e., it does not follow Raoult’s law for vapor pressures of mixtures. In contrast, the di-ethyl
ether and ethanol form a relatively ideal mixture, which explains why ether blends do not show the same
correlation of flammability limits versus RVP as the other blends. For the ethanol blends, much of the
flammability is due to the hydrocarbon fractions.

For neat ethanol, only the ethanol vapors are available for combustion. Because of the different
stoichiometry for ethanol combustion, more fuel vapor is required, which increases the temperature limit
for flammable mixtures above that of the ethanol blends. The E100 and blends that contain n-butane and
diethyl ether presumably deviate from the general dependence of temperature limit versus RVP because
of differences in stoichiometry. As an example, the air-fuel ratio for stoichiometric combustion of
gasoline is about 14.6, but ethanol is 9.01. The lean flammability limits for both materials are roughly
at an equivalence ratio of 0.5, but this is an air-fuel ratio of about 29 for gasoline/air and 18 for
ethanol/air mixtures.

Table 14. Ethanol/Ethanol Blends Flammability Test Results.

Sample Flammability Limits

Upper °C (Rich) Lower °C (Lean)
E80 -15 -45
E100 33 12
Unleaded Gasoline -27 -54
85% ETOH + 15% n-Butane -40 -69
85% ETOH + 15% n-Pentane -15 -40
85% ETOH + 15% lso-Pentane -20 -46
85% ETOH +15% Isomerate -15 -39
85% ETOH + 15% Di-Ethyl Ether -10 -25
85% ETOH + 15% Unleaded Gasoline -8 -35
95% ETOH + 5% n-Butane -30 -62
95% ETOH + 5% n-Pentane -5 -28
95% ETOH + 5% Iso-Pentane -10 -33
95% ETOH +5% Isomerate -9 -33
95% ETOH + 5% Di-Ethyl Ether 25 -7
95% ETOH + 5% Unleaded Gasoline -9 -34




To account for variations in fuel composition, a simple computer model was written to use the vapor
pressure measurements of the blends to estimate the molar ratios of ethanol and the additive, and then
compute the equivalence ratio for the blends, accounting for the different fuel-air ratios required for the
components. A computer code was written to calculate the upper and lower temperature limits of
flammability from the vapor pressure and flammability limit data.

The calculations were performed by assuming that the partial pressure of ethanol, P, in the fuel blend
is equal to,

P, = X.P, (1-2)

where X, is the mole fraction of ethanol in the liquid phase, and Py is the vapor pressure of neat ethanol.
The partial pressure, P,, of the fuel additive, e.g., butane, pentane, etc., was determined as,
P, = Pp-Py (1-3)

where Py is the vapor pressure of the fuel blend. The mole % of ethanol vapor, C, and additive vapor,
C,, were expressed as,

C, = 1002 (1-4)
Pt
and,
P
C, = 1002 (1-5)
P

where P, is the total pressure, e.g., the atmospheric pressure.

Flammability limit data for neat ethanol and the pure components, n-butane, n-pentane, i-pentane, and
diethyl ether were obtained from the literature (Hodgman 1957). The flammability limits of the vapors
from unleaded gasoline were weighted about 70% butane and 30% pentane. The vapors from the
isomerate were weighted about 70% pentane and 30% hexane. More accurate vapor compositions could
have been determined by speciating the vapor space, but they were not.

Various approaches were used in combining the flammability limits of the components to arrive at the

flammability limit of the ethanol-additive mixture. The following method of combining flammability

limits was used. First, Equation 1-6 below was used to calculate the stoichiometric air-fuel ratios, AFRgr,
of the components.

AFRg, = 4.76(x+y/4-2[2) (1-6)
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The variables x, y, and z are the numbers of carbon, hydrogen and oxygen atoms respectively. The
factors F, and F; were calculated via,

F, - P,AFR(E),, -7
P AFR(E);+P AFR(A)g;
and,
F, = 1-F, (1-8)

where AFR(E)qt and AFR(A)gy are the stoichiometric air-fuel ratios for ethanol and the additive. The
flammability limit of the mixture, Ly, is then expressed as,

L, = FL+F,L, (1-9)
where L and L, are the respective flammability limits of ethanol and the additive.
Finally, the temperature limit of flammability is determined when the Equation 1-10 below is satisfied.
L, = Cx+C, (1-10)
Table 1-5 shows the upper temperature limits of flammability that were calculated by an iterative

technique involving Equations 1-1 through 1-10. The calculations were performed by making incremental
changes in temperature until the temperature satisfied condition of Equation 1-10.
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Table 1-5. Comparison of Calculated with Measured Temperature Limits of Flammability.

Fuel Blend Upper Temperature Limits Lower Temperature
of Flammability Limits of Flammability
(°C) (°C)

Meas. Cale. Meas. Calc.

E100 33 36.5 12 135
ULG -27 -26 -54 -53
EtOH + 15% n-Butane -40 -43.5 69 -70
EtOH + 15% n-Pentane -15 -16 -40 -56
EtOH + 15% lIso-Pentane -20 -20 -46 -56
EtOH + 15% Isomerate -15 -17 -39 -51
EtOH + 15% Diethyl Ether 10 12 -25 -29
EtOH + 15% ULG -8 -8 -35 -49
EtOH + 5% n-Butane -30 -26 -62 -62
EtOH + 5% n-Pentane -5 4 -28 -37
EtOH + 5% lIso-Pentane -10 -2 -33 -59
EtOH + 5% lsomerate 9 2 -33 -106
EtOH + 5% Diethyl Ether 25 25 -7 -10
EtOH + 5% ULG -9 15 -25 -23
EtOH + 20% ULG -15 -17 45 Error

* An error occurred in the iteration scheme for this fuel blend. This will be investigated further.

The results of the calculations were strongly dependent on the literature values of the flammability limits.
For example, the flammability limits of ethanol given by Hodgman (1957) are 3.28 and 18.95 mole %
in air. When these values are used, the calculated lower and upper limits of flammability are 6°C and
41°C respectively. The calculated limits for neat ethanol in Table 1-5 are based on lower and upper
flammability limits of 4.4 and 14.3 mole % respectively measured in a combustion bomb (Naegeli and
Weatherford 1989).

A similar problem arises in computing the temperature limits of the ethanol/diethyl ether blends.
Hodgman (1957) gives flammability limits of 1.85 and 36.5 mole % in air for diethyl ether. The lower
limit of 1.85 seems reasonable, but the measured upper temperature limits indicate that the upper
flammability limit of diethyl ether is much lower than the literature value. Rich limits in the literature
are often too high because they include cool flame reactions that give rise to chemiluminescence when
there is no heat release or pressure rise accompanying the ignition process. The calculated values in Table
1-4 for the ethanol/15% diethyl ether and ethanol/5% diethyl ether blends were determined assuming that
the upper flammability limit of diethyl ether is 12.5 mole % in air. This is substantially lower than the
literature value of 36.5 mole %. Hence, from the standpoint of fuel tank flammability, we recommend
that the flammability limits of diethyl ether and probably several other oxygenates should be reexamined.
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There was good agreement between measured and calculated upper and lower temperature limits of
UNLG, E95, ethanol/15% n-butane and ethanol/5% n-butane blends. The agreement was good between
measured and calculated upper limits, but poor between the lower limits of E85, and the blends of ethanol
with 15% n-pentane, iso-pentane, and isomerate. The agreement was poor in upper and lower temperature
limits of the ethanol blends containing 5% n-pentane, iso-pentane and isomerate. For the upper
temperature limit, the problem seems not to be in the flammability limits of the additives, n-pentane, iso-
pentane and isomerate, because the agreement was good in the 15% blends. However, the calculated
lower temperature limits were well below the measured limits for both the 5% and 15% blends of ethanol
that contained n-pentane, iso-pentane and isomerate. Increasing the lower flammability limits of n-
pentane, iso-pentane, and isomerate by 30% made an improvement of only a few degrees in the calculated
lower temperature limits. Because the literature values of the lower flammability limits are relatively

accurate, the problem seems to be related to the accuracy of the vapor pressure expressions (see Equation
1-1).

Because of the curvature in the Clapeyron-Clausius plots of vapor pressure versus temperature, there is
some question of the accuracy of the low temperature data. If there are inaccuracies in the database,
extrapolations of vapor pressures to temperature beyond the range of the database could yield erroneous
vapor pressure values. To resolve the problem, we recommend that the vapor pressures be rerun on
freshly blended mixtures of E80 and all the ethanol blends.

Fuel Lubricity

Fuel lubricity was measured with a Ball on Cylinder Lubrication Evaluator (BOCLE). In the BOCLE test,
a steel ball locked in a fixed position rides on a rotating steel cylinder that is immersed in the test fluid.
The contact frictional load between the ball and cylinder is controlled by a weight applied to a lever that
forces the ball against the cylinder. The wear rates are measured in terms of the diameter of the wear scar
on the steel ball. The wear scar is elliptical so its diameter is determined as the average of its width and
length. Fuel lubricity is inversely proportional to the wear scar diameter.

In the standard BOCLE procedure, the test fluid is purged with room temperature air at a relative humidity
of 10%. Purging with air is applicable to lubricating oils and middle distillate fuels, but is seldom used
with volatile fuels such as gasoline, ethanol, and ethers. It causes the fuel to evaporate and cool, and in
some instances, fuels such as alcohols extract a large amount of water from the air. Because water has
a significant effect on wear in the BOCLE test, there was no air purging of the ethanol and gasoline
blends examined in the present study.

The results shown in Table 1-6 are interesting in that the wear scar diameter for ethanol is less than that
for UNLG gasoline. Intuitively, it would seem that gasoline, which contains relatively high molecular
weight hydrocarbons, would be a better lubricant than ethanol. There are various theories why ethanol
is a better lubricant. One explanation is that ethanol’s relatively high polarity causes it to adhere to the
metal surface and act as a protective cushion.
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Table 1-6. Fuel Lubricity Determined from Wear Tests with
the Ball on Cylinder Lubrication Evaluator.

Fuel Blend Wear Scar Diameter, mm
UNLG 0.60
Ethanol + 20% UNLG 0.59
Ethanol + 15% UNLG 0.53
Ethanol + 5% UNLG 0.52
Neat Ethanol 0.50
Neat Methanol 0.44

An alternative theory assumes that ethanol has a higher resistance to oxidation than the hydrocarbons in
gasoline. Tribologists conclude that very high lubricant temperatures are produced in the wear zone when
aspirates on the metal surfaces make contact. The fuels almost always contain some dissolved oxygen,
so the high temperatures cause the fuel to autoxidize. Corrosive substances such as peroxides and
carboxylic acids may be among the oxidation products.

Wear rates usually decrease dramatically when dissolved oxygen is removed from the test fluid. If the test
fluid is thoroughly purged with nitrogen to remove the dissolved oxygen before the test, and also purged
with nitrogen throughout the test, the wear scar is greatly reduced.

Table 1-7 shows the results of recent experiments performed to determine the effect of removing oxygen
on the lubricity of alcohols. The nitrogen and air used in the tests were preconditioned with 10% relative
humidity at room temperature. The alcohols were absolute water free at the start of the test, but no doubt
absorbed a significant amount of water during the test. Methanol and ethanol literally extract moisture
from the air; the effect is much less with propanol, and relatively weak with butanol. The experiments
"with air" and "with nitrogen" were performed in the same way so the effect of humidity on both tests
was the same.

Table 1-7. Ball On Cylinder Lubrication Evaluator Tests on Alcohols with and without

Oxygen.
Alcohol Fuel Type of Aeration
With Air With Nitrogen
Methanol 0.53 0.51
Ethanol 0.83 0.47
Propanol 0.72 0.56
Butanol 0.66 0.50

Oxygen had little or no effect on the lubricity of methanol, but lubricity increased in jet fuels and diesel
fuels when the oxygen was removed. The effect of dissolved oxygen on the other alcohols, particularly
ethanol, was substantial. Preliminary work has shown that methanol has a relatively high oxidation
stability. Because ethanol is more akin to a hydrocarbon, it probably has a lower oxidative stability than
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methanol. Theoretically the oxidation products such as peroxides and carboxylic acids cause metal
corrosion, which enhances the wear process.

In conclusion, the lubricity of neat ethanol compares favorably with gasoline, but contamination with water
and dissolved oxygen exacerbates the wear in ethanol more so than in gasoline.
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Task 2 Fuel Storage and Handling System Design

Objective

The objective of this task was to evaluate material compatibility issues, and specifically to examine
ethanol- related wear in fuel injectors.

Discussion of Material Compatibility Issues

Boum et al. 1994 listed the materials in the fuel system of the 1993 Ford Taurus FFV, and discussed
compatibility with ethanol and ethanol/gasoline blends. The original intent of this task was to ensure that
the materials would be compatible with ethanol and ethanol blends through testing and discussions with
material experts.

Because of the new enhanced evaporative emissions regulations, many fuel line components used in
current FFV, such as the 1993 Ford Taurus FFVs purchased for this project, will not be suitable in future
vehicles. For example, fuel lines and elastomers in o-rings in current FFVs have high enough permeability
that they will not pass the enhanced evaporative emissions test, according to Ford engineers. Therefore,
durability testing with these components, as originally proposed, is no longer suitable. The new materials
that will pass enhanced evaporative emissions standards are either still being developed or are proprietary,
and are not available for testing. This section summarizes some areas where new materials are required.

Ford staff members were consulted about materials currently used in the Taurus FFV and material changes
Ford is making to meet the enhanced evaporative emission standards. Most current materials are
unsuitable for the more stringent requirements of the enhanced evaporative standard, and Ford is replacing
them with more suitable materials. Several areas are discussed below.

The current fuel tank is a high-density polyethylene with a fluorinated interior surface. This tank will not
meet the new standards, and future vehicles will be fitted with a metal tank that may be coated with a
plastic or polymer.

Flexible fuel lines used to connect the fuel tank to the fuel lines are a potential problem for evaporative
emissions. These lines must be flexible and have 150% elongation to be crash worthy. Many materials
that have the flexibility are permeable and sources of evaporative emissions. The solution to these
problems is not known at this time.

Fuel line connectors are sealed using viton o-rings with a high fluorine content. These o-rings have
permeability problems. Ford is currently investigating several materials to replace viton in the fuel system.
At this time these materials are proprietary.

O-rings and seals currently in the fuel system have been acquired for compatibility testing. Data for
elastomer swell for many of the materials have been found, and were included in the design report (Bourn
et al. 1994).

The enhanced evaporative standard is apparently forcing the use of new materials. Therefore, the value
of testing the current materials is unclear.
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Two components that often give trouble in FFVs are the fuel pumps and the fuel injectors. Although
occasional problems have been reported in earlier FFVs when the vehicles are operated on methanol (for
which the fuel system was designed), very few problems have been reported with ethanol.

Fuel Injector Wear Testing

For the above reasons, the focus of the durability testing for this task has been shifted from overall fuel
system durability testing to testing fuel injectors and fuel pumps that are not expected to require materials
changes for enhanced evaporative emissions. The interest in testing the fuel pumps is strictly durability,
but the interest in testing the fuel injectors is fuel leakage and injector performance degradation. There
is much current interest in gasoline-fueled engines in leakage past the fuel injector seats when the engine
is turned off and the fuel line remains pressurized. The line must remain pressurized to avoid vapor lock
(fuel boiling in the line during heat soak-back). Any fuel leaking past the valve seat collects in the intake
port and manifold, and introduces a large hydrocarbon spike on the next start-up. This cannot be corrected
with fueling strategy, because the amount of leakage is unknown and the engine must be fueled
sufficiently to start on the first cylinders to receive fuel.

Researchers must determine whether the ethanol fuel injectors begin to leak more after some usage, and
whether they are better or worse than gasoline injectors in their leakage and wear characteristics. A test
plan was developed in Phase 2 for these tests based on SAE Procedure J1832 (attached as Appendix B).
The testing will be conducted during Phase 3. This procedure provides some guidelines for performing
the injector leak rate test, but it also leaves significant room for variations in test procedures between
different laboratories.

Several industry sources have suggested that alcohol fuels can affect the durability and performance of
fuel injectors. In particular, injectors have been subject to erosion and wear of the nozzle seat and orifices
resulting in variation in fuel flow and injector leakage. Experiments will be conducted on E100 and E80
fuels to evaluate their effects on fuel injector performance and durability. As a baseline for comparison,
a national average gasoline will be used. The experiments will be conducted in accordance with SAE
J1832.

SAE Standard J1832 specifies test procedures for evaluating gasoline fuel injectors. It covers all aspects
of the fuel injectors, including spray distribution and coil dynamics, but only the static flow rate, the
dynamic flow, and the seat leakage rate are typically of interest for durability experiments. The static flow
rate is the maximum flow of the injector and is achieved when the injector is energized in the fully open
position. The dynamic flow is the measured fuel delivered per pulse of the injector when energized at
2.5-ms pulse width (PW) and a 10-ms period.

Test Plan for Fuel Injector Wear Testing

Test Fuels: The injectors will be evaluated on E100, E80, and a national average gasoline. For
performance testing, a standard calibration fluid will be used as the test fluid.

Injectors: Fuel injectors from the Ford Taurus will be used. A minimum of 18 injectors will be tested,
six injectors for each fuel.

Performance Parameters: Each injector will be evaluated for static flow rate, dynamic flow, and seat
leakage.
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Test Duration: The injectors will be operated for approximately 900 million cycles at a 2.5 ms PW and
5 ms period.

Frequency of Performance Checks: Each injector will be evaluated according to the following schedule:

0 cycles
100 x 10° cycles
At 100 x 10 cycle intervals until the end of testing.

Alternative Fuels Refueling Conference and Trade Show

On March 17 and 18, 1994, Terry Gray attended the Alternative Fuels Refueling Conference and Trade
Show put on by the Petroleum Equipment Institute (PEI) in Orlando, Florida. Technical sessions included
discussions of refueling/distribution equipment interface requirements, problems, and successes with each
of the alternative fuels (LPG, methanol, ethanol, CNG, and LNG).

More than 700 people attended, representing manufacturers, distributors, installers, and fuel distributors.
Most of the exhibits were related to CNG, but alcohol fuel tolerant equipment was shown by several
manufacturers of pumps and dispensing equipment. Separate conversations with representatives of
Goodyear (hoses), Ford, and the California Energy Commission, as well as information from the sessions,
indicated some remaining compatibility issues. However, there was the strong feeling that, once identified,
the problems would be solved by the companies involved.

There was also the caution to look at compatibility not only from the standpoint of the fuel’s effect on
the material, but also from how the fuel might be affected by the interaction. An example is the
sensitivity of aluminum to the alcohol fuels, which results not only in corroded aluminum parts, but also
in plugged filters and injectors from the aluminum compounds in the fuel.

A significant number of independent fuel distributors in the Midwest install ethanol fuel dispensers in

addition to federal, state, and regional programs, so contact with these groups will provide important
feedback to this program.
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Task 3 Engine System Assembly and Testing

Objectives

There were several objectives of task 3 of Phase 2. First, the 3.0-liter engine needed to be removed from
the Ford Taurus FFV, and modified as determined during Phase 1, and detailed in the design report
(Bourn et al. 1994). Second, the modified engine had to be mounted in the test cell that had been
modified with the addition of a refrigerated chamber. Third, the SWRI RPECS engine controller hardware
and software had to be developed sufficiently to perform steady-state testing and cranking/start-up tests.
The final objective was to determine minimum timing advance for best torque (MBT) timing, volumetric
efficiencies, and other parameters needed by the engine controller, as well as to begin determining start-up
strategies.

Engine Test Cell Setup

Because low-temperature cold-starting is an important issue with alcohol-fueled engines, a refrigeration
system and cold box were installed in the test cell. The cold box originally planned for this project was
not serviceable, so a new cold box was used along with the existing compressors and heat exchangers.
Significant problems have been encountered with leaks in the refrigeration system, but the system with
engine installed routinely reached -18°C (0°F), and on some occasions lower temperatures.

The test cell was set up to accommodate the refrigerated chamber 3.0 m x 3.0 m x 2.4 m (10 ft. x 10 ft.
x 8 ft.) with the engine installed inside the chamber. The engine cooling system was set up with two
completely independent cooling loops. The first cooling loop was used for low-temperature cold starts
and consisted of a radiator and fan inside the refrigerated box, a pump to circulate the water even with
the engine stopped, and the necessary plumbing. The second system was used for steady-state testing at
higher power conditions and used a heat exchanger to cool the engine coolant with water tower cooling
water. The engine water pump was used to circulate water in this cooling loop. Thus, the first cooling
loop cooled the engine to very cold temperatures for cold starting and low power operation, but could not
maintain cold temperatures at higher engine powers. The second loop was the standard cooling loop that
could maintain any engine temperature from about 35°C (95°F) to 120°C (248°F) or higher.

The engine is a 3-liter V-6 Ford adapted to run on M85 or gasoline, or any mixture of the two. The
principal modifications by the OEM from the gasoline engine include higher flow rate injectors that have
materials suitable for alcohol fuels, an extra starting injector that provides high flow rates for low-
temperature starts, and a different ignition system that uses a 36-tooth gear and solid-state ignition. This
engine was removed from a vehicle that included an automatic transmission, but it was desirable for test
cell operation to include a clutch between the engine and the dynamometer. Unfortunately, the engine
block casting is different for Ford 3.0-liter engines that are to be used with automatic and manual
transmissions. Therefore, a standard bell housing and clutch cannot be attached to a Ford 3.0-liter built
for an automatic transmission. These components had to be constructed that would mate with the existing
engine. The clutch is operated with an air solenoid, so the engine may be started without any load, but
the load is applied after start-up. The engine is connected through the clutch to a dynamometer and an
electric motor. The dynamometer is used to absorb the load from the engine, and the electric motor to
motor the engine for various testing.

Fuel flow is read with a MicroMotion Coriolis mass flowmeter. Because Coriolis forces respond to mass
flow, the output is not affected by the fuel density, pressure, or temperature. A significant fraction of the
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fuel that flows to the engine is recirculated to the fuel tank, so several pressure regulators and an extra
fuel loop were used to measure only the fuel being used by the engine. Both the instantaneous and
cumulative fuel mass flows measured by the MicroMotion can be compared with the calculated fuel mass
flow in the RPECS engine controller that is derived from the fuel injector pulse width and the fuel
differential pressure, with a correction for battery voltage, which affects the injector opening time. These
flow rates typically agree to within 10 % or better. Because the fuel can heat up by recirculating through
the system if the fuel pump is on but the engine is not running, a heat exchanger with cooling tower water
is used to maintain a constant fuel temperature.

Air flow into the engine is measured three different ways. A laminar flow element (LFE) is part of the
test cell instrumentation and is sampled as part of the low-speed data acquisition, and is also fed to the
RPECS engine controller. The production engine is supplied with a hot-wire mass air flow (MAF) sensor.
This signal is filtered using a pi filter as suggested by Ford, and is fed to the RPECS engine controller.
The engine has also been fitted with a manifold air pressure (MAP) sensor (a GM production MAP
sensor), and this is used to compute air flow by a standard speed-density calculation. A speed-density
calculation of air flow multiplies engine speed by engine displacement, volumetric efficiency, and air
density in the intake manifold.

The LFE air flow measurement provides an accurate reference for steady-state air flow, but cannot be used
on the vehicle. The MAF sensor and the speed-density calculations can be used to compute air flow on
the vehicle, with each having advantages and disadvantages compared to the other. The speed-density
calculation based on the MAP sensor computes air flow at the intake valves, which is where the fuel is
injected and therefore gives a more accurate measure of the air flow to meter the fuel. In contrast, the
MAF sensor measures air flow at the throttle plate. However, because the MAF measures air flow
upstream of the MAP sensor, it provides some lead-time information that is helpful in transients. In
addition, the MAF sensor provides some serendipitous transient fueling compensation, since on tip-ins
(accelerations) the intake manifold filling event causes an instantaneously higher flow rate of air at the
throttle plate than at the valves. This helps to compensate for the fact that not all the fuel injected makes
it directly into the cylinders, as some of it hangs up on the walls.

In addition to these three independent measurements of air flow, a calculation of air flow will be added
in the RPECS engine controller based on throttle angle, pressure differential across the throttle plate, and
discharge coefficient of the throttle plate as a function of throttle angle and pressure differential. This will
be used to compute air flows and manifold air pressure, and it should be possible to compute the values
with low noise faster than they can be measured. This is very important to transient compensation.

Engine Modifications

Boum et al. (1994), described three modifications as planned for the Ford 3.0-liter engine. All three were
carried out as planned. First, the compression ratio was raised from 9.3 to 11.0 by removing some
material from the head and from the block, and by including a dome on the piston. Detailed drawings
and dimensions were provided in the Design Report, and some of those procedures are also summarized
below. Second, air-assist injectors as previously described were mounted onto the engine. Some
atomization results are provided below. Third, because of the other engine modifications, the engine could
not be operated using the standard Ford EEC IV engine controller. Therefore, a SWRI RPECS was
developed for the 3.0-liter engine. Many details of the RPECS control system were described in the
Design Report, and further details are provided under Task 6 of this report.
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Increased Compression Ratio

The engine was removed from the vehicle, disassembled, and modified to increase the compression ratio
from 9.3 to 11.0. This modification was to take advantage of the very high octane number of ethanol by
improving the cycle efficiency. Typical efficiency increases are 3% per one unit of compression ratio.
The cooling effect of ethanol is also predicted to improve the cycle efficiency by reducing compression
work.

Figure 3-1 shows the dimensions of the Ford 3.0-liter reciprocating components and combustion chamber.
Table 3-1 shows the calculations based on these dimensions for increased compression ratios. The piston
face-to-block deck clearance was 0.49 mm (0.019 in.) which was reduced by milling the block surface,
achieving a zero deck height and removing 3.07 cc (0.187 ci) from the clearance volume. The original
cylinder head combustion chamber volume was measured to be 49.6 cc (3.03 ci), and Table 3-1 gives
compression ratios corresponding to volume removed from the chamber when the head was milled 0.71
mm (0.040 in.). Calculations were performed for reducing the clearance volume by machining the
cylinder head and block gasket surfaces the maximum safe amount.

Table 3-1. Ford 3.0-liter FFV - Cylinder Modifications.

Original Dimensions Modified Dimensions

Combustion Chamber Volume 48.56 cc Mill Head 0.71 mm (0.028 in) 45.06 cc
Head Gasket Volume 7.69 cc 7.69 cc
Piston-to-Deck Volume 3.07 cc Mill Block 0.49 mm (0.019 in) 0cc
Ring Crevice Volume 0.58 cc 0.58 cc
Valve Relief Volume 0.34 cc 0.34 cc
Piston Dome Volume Occ 1.01 mm (0.040 in) height -4.0 cc
Clearance Volume 60.24 cc 47.42 cc
Swept Volume 498.13 cc 498.13 cc
Compression Ratio 9.27:1 11.03:1

A maximum compression ratio of approximately 10.4:1 can be achieved by the machining procedures
alone. The target compression ratio of 11:1 was achieved by adding pistons with a small dome volume
of 4.0 cc (0.244 ci). The combination of cylinder head and block machining and pistons with a very small
dome achieved the desired compression ratio for increased engine efficiency while minimizing the quench
volume. However, although the increased compression ratio should increase engine efficiency, the
hydrocarbon and nitric oxide emissions are expected to increase, making it more difficult to meet ULEV
targets. The tradeoff between efficiency and emissions by adjusting compression ratio is fundamental, and
therefore, difficult to avoid.

Air-Assist Fuel Injectors

Air-assist injectors were constructed for this project by fitting fuel-air mixing caps over the OEM FFV
fuel injectors. The OEM fuel injectors are pintle injectors suitable in materials of construction and flow
rate for alcohol-fueled engines. Fueling rates for M85 are about twice that of gasoline, and fueling rates
for ethanol are about 1.6 times that of gasoline. Because the OEM injectors were designed for M85, their
flow capacity is oversized for ethanol fuels, but can meet the maximum flow rate requirements.
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The fuel-air mixing caps were designed to be used in the standard manifold. However, the injectors had
to be raised slightly to accommodate the mixing caps, and this resulted in interference with the intake
manifold on one side of the engine. Therefore, a spacer of about 8.1-mm (0.319 in.) thick was added to
the intake manifold to provide sufficient clearance for the injectors with the caps. Also, the mounting
brackets for the fuel rail had to be modified to account for the slightly raised position of the OEM fuel
injectors when the fuel-air mixing caps were added.

A schematic of the fuel-air mixing caps is shown in Figure 3-2. The caps were designed such that the
principal air pressure drop is across the 1-mm exit hole from the injector. Therefore, this is an internal-
miXx, air-assist injector design. They have been tested with and without fuel-impingement screens that
have been found useful in other injectors. The results reported here are for the design with the
impingement screens.
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Figure 3-2. SwRI internal-mix air-assist injectors.

Figure 3-3 shows the Sauter mean diameters (SMDs), or surface area-volume mean diameters for three
different pulse widths. The pulse width of 3-ms corresponds to an idle condition, 4-ms to a cruise, and
10-ms to an enriched pulse for acceleration or start-up. Compared with the OEM injectors that produce
SMDs of about 120 um , these injectors produce very fine sprays that will follow the air stream into the
cylinder better and evaporate faster than fuel drops from the OEM injectors. However, at all conditions,
but especially the 10-ms pulse width, the SMDs are somewhat larger than expected. The relatively poorer
performance may result from the much higher flow rate of the fuel injector for the FFV compared to a
gasoline injector (sized for more than twice the static flow rate of a gasoline injector, as required for
methanol). Another factor is the smaller hole used in the fuel-air mixing cap than on some previous
designs. A fuel injector with a smaller static flow rate would still be sufficient for ethanol (but not
methanol), but the FFV injectors with materials suitable for alcohols are generally sized for methanol.
Larger exit holes on the fuel-air mixing cap improves atomization at the cost of higher air consumption,
and therefore, higher fuel usage to generate the power required by the air pump.
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Figure 3-3. Effect of atomizing air pressure on average drop as represented by SMD (D,,),
standard Taurus 3.0-liter flexible fuel injector and fuel-air mixing cap with 1-mm exit hole.

In addition to the atomization characteristics, the fuel delivery characteristics of the injectors are important.
Fuel delivery characteristic refers to how quickly and completely the fuel exits from the fuel-air mixing
chamber. If there are lags in the fuel delivery, cycle-to-cycle variability for the fuel delivered to the
cylinder can be encountered, which results in cycle-to-cycle variations in air-fuel ratio and in power
(IMEP). These characteristics will be examined later in the project.

Rapid Prototyping Engine Control System Engine Controller

Because of the other modifications to the engine described above, we could not use the OEM Ford EEC
IV engine controller. Therefore, SWRI adapted an RPECS to the Ford Taurus 3.0-liter engine for
complete authority engine control. The cost for hardware and software development was paid mostly from
Task 3 funds, but is discussed under Task 6 below.



Task 4 Emissions Control System
Development and Testing

Objectives

The objectives of this task were to perform FTP emissions tests on the baseline 1993 Ford Taurus FFV
on Ed85 (E80), to modify that vehicle for advanced aftertreatment devices, and to perform the first set
of FTP emissions tests on the vehicle with advanced aftertreatment devices.

The following section details the exhaust emissions control efforts undertaken in this program, including:

Baseline emissions tests

Advanced aftertreatment system characteristics

Modifications to vehicle for installing of aftertreatment systems

Emissions results with electrically heated catalyst/reformulated main catalyst systems
Future plans

Baseline Emissions Tests

Southwest Research Institute received two Ford Taurus FFVs in March, 1994. One was designated for
use in the emissions control system design task. This vehicle was delivered with 18 miles on the
odometer. The oil was replaced with Pertolube purchased for this program, and a new oil filter was
installed. The fuel system was drained, and the vehicle was fueled with E80. The vehicle was then
driven for 4,000 miles over a modified Automobile Manufacturers Association durability driving schedule
before baseline emissions tests were conducted.

Duplicate tests were conducted on the vehicle both with and without a catalytic converter to establish
baseline exhaust emissions levels. The vehicle was operated over the chassis dynamometer portion of the
Federal Test Procedure (FTP) for light-duty vehicles while operating on E80. Results of these tests are
presented in Table 4-1.
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Table 4-1. Baseline Federal Test Procedure Exhaust Emissions from Ford Flexible Fuel Vehicle.

Exhaust Without With

Constituents Catalyst Catalyst TLEV ULEV
THC® (g/mi) 2.75 0.21 e

CO (g/mi) 12.71 1.90 3.4 1.7
NO, (g/mi) 2.03 0.10 0.4 0.2
CH, (g/mi) 0.09 0.05

NMHCP (g/mi) 0.83 0.06

Carbonyls® (g/mi) 0.41 0.02

Alcohols?® (g/mi) 1.43 0.09

Estimated NMOG® (g/mi) 2.663 0.160

Est NMOG x RAF' (g/mi) 1.784 0.107 0.125 0.040
Formaidehyde (mg/mi) 122.80 1.54 _ 15 8
Acetaldehyde (mg/mi) 266.93 12.87 o

THC = NMOG + CH4

Gasoline derived NMHC = FIDHC - (CH, x FIDRCH4) - (Ethanol x FIDRETH); FIDHC -
hydrocarbon measured with flame ionization detector calibrated on propane; FIDRCH4 - FID
response factor for methane; FIDRETH - FID response factor for ethanol

Summation of all measured aldehydes and ketones including: formaldehyde, acetaldehyde,

acrolein, acetone, propionaldehyde, crotonaldehyde, isobutyraldehyde + methyl ethyl ketone,
and hexanaldehyde

Ethanol only; no methano! was found in exhaust samples
® NMOG = NMHC + Carbonyls + Alcohols

RAF = 0.67 as measured by Kroll at Volkswagen (SAE 932676)

Exhaust samples were measured for HC, CO, NO,, CH,, aldehydes and ketones, and alcohols (only
ethanol was detected). Nonmethane organic gases (NMOG) were estimated using NMHC from the
gasoline portion of the fuel as measured by a flame ionization detector (FID) rather than by hydrocarbon
speciation. Gasoline-derived NMHC was determined by measuring hydrocarbons with a FID calibrated
on propane, then correcting the results for the removal of CH, and ethanol.

These data show the unmodified vehicle meets TLEV exhaust emissions standards, and that the vehicle
catalyst is quite effective in reducing all exhaust constituents. These low emissions levels were obtained
even though the vehicle was calibrated for low emissions on M85 or gasoline, but not on ethanol blends.
To better demonstrate where improvements could be made in the efficiency of the catalyst, selected
individually weighted emissions for each phase of the FTP are presented in Table 4-2.
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Table 4-2. Weighted Baseline Federal Test Procedure Exhaust Emissions for Ford Flexicble
Fuel Vehicle with Catalyst.

Individually Weighted Exhaust

Emissions (g/mi) Total Bag 1A
Weighted  Percentage
FTP of Total
Bag 1A Bag 1B o
gx',‘aE'St (0-140 (141-505 Bag2 Bag3 Cmissions : NMOG
mission sec) sec) (g/mi) missions
NMHC 0.04 <0.01 <0.01 0.01 0.06 27%
Ethanol 0.09 <0.01 <0.01 <0.01 0.09 56%
Acetaldehyde 0.01 <0.01 <0.01 <0.01 0.01 10%

These data show that unburned ethanol in Bag 1A (first 140 seconds of FTP) accounts for 56% of all FTP
NMOG emissions, and acetaldehyde in Bag 1A accounts for approximately 10% of all NMOG emission.

In addition, Bag 1A NMHC emissions contribute 27% to total NMOG. Thus, approximately 93% of all
NMOG emissions from this vehicle occur in the first 140 seconds of the FTP, of which 66% are caused
by unburned ethanol and acetaldehyde. These data suggested the need for supplemental catalyst heating
at vehicle start, to quickly light off the catalyst. In addition, the main catalyst needed to be formulated
to specifically target unburned ethanol and acetaldehyde.

Modifications to Vehicle
To improve the exhaust emissions from the test vehicle, an electrically heated catalyst was obtained from
WR Grace, and a main catalyst specially formulated for operation on alcohol vehicles was obtained from

Degussa. A summary of catalyst characteristics is presented in Table 4-3.

Table 4-3. Catalyst Characteristics.

Catalyst System Ford OEM Degussa Main
(one catalyst per bank) Grace EHC Catalyst
Catalyst Designation front brick rear brick M930037 Cam-E-Lite OM 6902 Lot 40512
Substrate:
Material ceramic stainless steel foil ceramic
Cell Density 400 cells/in.? 180 cellsfin.? 400 cells/fin.2
Precious Metals:
Precious Metals Types Pt/Rh PYRh Pt/Rh PYRh
Loading (combined) 60 g/ft.3 28 g/ft.2 80 g/ft.> 70 g/ft.3
Precious Metal Ratio Pt/Rh=9/1 Pt/Rh = 5/1 Pt/Rh = 5/1 Pt/Rh = 5/1
Core Length NA NA 5.5in. 6.0 in.
(front 0.7 in. heated)
Core Diameter NA NA 2.7 in. 5.66 in.
Brick Active Volume 38in? 38 in.3 31.5in.2 151 in.3
Total Active Volume 152 in.3 31.5in3 151 in.2
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The test vehicle was fitted with an exhaust system modified to accommodate the reformulated main
catalyst and EHC. Because of space constraints under the vehicle and the large diameter of the
reformulated main catalyst, it was installed much further downstream in the exhaust system than the OEM
catalysts. Figure 4-1 shows the OEM and experimental exhaust system configurations. The twin OEM
catalysts both reside approximately 355 mm (14 inches) downstream of the exhaust manifold flange. In
the experimental exhaust system, blank pipes are installed where the OEM catalysts were, and the
EHC/reformulated main catalyst set is installed at the termination of the Y-pipe. This places the face of
the reformulated main catalyst approximately 940 mm (37 inches) from the exhaust manifold flange on
one side of the exhaust system, and 1.47 mm (58 inches) downstream of the manifold flange on the other
side. To compensate for the heat loss, the exhaust system was wrapped with insulated fiber tape from the
exhaust manifold flange to the end of the Y-pipe.
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Electrically Heated Catalyst Emissions Testing

After work on the exhaust system was completed, the vehicle was prepared for a series of FTP tests to
determine the effect of the EHC/reformulated main catalyst system on exhaust emissions. First, the OEM
exhaust system was installed on the vehicle to establish a current baseline for exhaust emissions. Then
the fuel composition sensor was replaced with a SwRI-generated signal calibrated for ER0. The OEM
sensor was calibrated for methanol, and would cause over-enrichment during open-loop operation of the
vehicle when running on E80. The SwRI circuit was calibrated to provide an appropriate amount of open-
loop fuel enrichment for E8(Q. Lastly, the experimental exhaust system was installed incrementally to
determine the impact of each component on exhaust emissions. The EHC was operated in a post-crank
heating mode. Secondary air was injected for the duration of open-loop operation. A series of three tests
were conducted to determine an appropriate air injection flow rate. A summary of the test matrix is given

in Table 4-4.
Table 4-4. Emissions Test Matrix.
Fuel
Sensor  Exhaust
Test Number Catalyst  Signal Insulation EHC EHC Power Secondary Air injection
E80-OEM-1 OEM OEM no no none none
E80-OEM-2 OEM SwRI no no none none
E80-CAT-A Degussa SwRI no no none none
E80-CAT-A&INS Degussa SwRI yes no none none
E80-CAT-A&B Degussa SwRI yes yes none none
E80-EHC-7CFM  Degussa SwRI yes yes ' Bag1-25sec Bag1-11i5sec @ 7 cfm
Bag3-10sec Bag3- 10sec @ 7 cfm
E80-EHC-5CFM  Degussa SwRi yes yes Bag1-25sec Bag1-115sec @ 5 cfm
Bag3-10sec Bag3- 10sec @ 5 cfm
E80-EMC-2CFM  Degussa SwRI yes yes Bag1-25sec Bag1-115sec @ 2 cfm
Bag3-10sec Bag3- 10sec @ 2 cfm

Results of the exhaust emissions tests conducted to date are given in Table 4-5.
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Table 4-5. FTP Exhaust Emissions from FFV Taurus on E80.

Test Number Est. NMOG® Est. NMOG x co NO,
RAF®

E80-OEM-1 0.1582 0.102 1.701 0.077
E80-OEM-2 0.147 0.098 1.548 0.130
E80-CAT-A 0.298 0.200 1.825 0.109
E80-CAT-A&INS 0.270 0.181 1.749 0.068
E80-CAT-A&B 0.282 0.189 1.795 0.083
E80-EHC-7CFM - 0.077 0.052 0.795 0.068
E80-EHC-5CFM 0.096 0.064 0.744 0.064
E80-EHC-2CFM 0.143 0.096 1.139 0.057

a

NMOG was estimated using NMHC from the gasoline portion of the fuel as measured by a flame
ionization detector (FID) rather than by hydrocarbon speciation.
®  RAF = 0.67 as measured by Krolt at Volkswagen (SAE 932676)

Comparing the OEM baseline test (E80-OEM-1) with E80-OEM-2, the SwRI-generated fuel sensor signal
had a slight positive impact on measured NMOG and CO emissions; however, a slight increase in NO,
emissions was detected. Therefore, it seems likely that the change to the SwRI-generated fuel sensor
signal caused the vehicle to operate with less open-loop enrichment than in OEM configuration. A change
from the OEM exhaust system to the experimental exhaust system with reformulated main catalyst led to
a significant increase in NMOG emissions, as shown by the results of test E80-CAT-A (Table 4-5). A
combination of less available thermal energy (due to the placement of the catalyst) and the catalyst
formulation likely contributed to the higher emissions results for the reformulated main catalyst as
compared to the baseline OEM exhaust emission results. The addition of exhaust insulation in test E80-
CAT-A&INS resulted in a reduction of all exhaust emissions. Results from test E80-CAT-A&B show that
the addition of the EHC (no heat, no air injection) into the exhaust stream had little effect on exhaust
emissions. With the EHC operational in test ES0-EHC-7CFM, measured exhaust emissions were reduced
significantly from the non-heated configuration (E80-CAT-A&B). Furthermore, emissions were reduced
from OEM baseline levels. During this test, secondary air was injected into the exhaust stream ahead of
the EHC at a constant flow fare of 7 cfm. Tests were also conducted with 5-cfm and 2-cfm flow rates;
however, emissions results from these tests were not as favorable as at 7 cfm.

Detailed results from the baseline test (OEM-1) and the best results with the EHC (ES80-EHC-7CFM) are
give in Table 4-6. These data show significant reductions in exhaust emissions with the use of the EHC
together with a reformulated main catalyst. Estimated NMOG was reduced by nearly 50%, and alcohol
emissions were reduced by approximately 65%. However, although aftertreatment technology has
demonstrated gains in control of exhaust emissions, further improvements are needed to meet ULEV
standards.
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Table 4-6. FTP Exhaust Emissions from Ford FFV.

Exhaust Baseline EHC Test # Percent

Constituents Test # E80-EHC- Reduction with ULEV
E80-OEM-1 7CFM EHC Standards

THC* (g/mi) 0.196 0.123 37.2

CO (g/mi) 1.702 0.796 53.2 17

NO, (g/mi) 0.077 0.068 11.7 o2

CH, (g/mi) 0.044 0.046 45

NMHC® (g/mi) 0.047 0.033 29.8 '

Carbonyls® (g/mi) 0.014 0.012 14.3

Alcohols® (g/mi) 0.091 0.032 64.8

Estimated NMOG* (g/mi) 0.152 0.077 493 )

Est NMOG x RAF' (g/mi) 0.102 0.052 49.0 0.040

Formaldehyde (mg/mi) 1.49 0.58 611 8

Acetaldehyde (mg/mi) C11.19 1093 23 -

a

THC = NMOG + CH4

Gasoline derived NMHC = FIDHC - (CH, x FIDRCH4) - (Ethanol x FIDRETH); FIDHC -
hydrocarbon measured with flame ionization detector calibrated on propane; FIDRCH4 - FID
response factor for methane; FIDRETH - FID response factor for ethanol

Summation of all measured aldehydes and ketones including: formaldehyde, acetaidehyde,
acrolein, acetone, propionaldehyde, crotonaidehyde, isobutyraldehyde + methyl ethyl ketone, and
hexanaldehyde

Ethanol only; no methanol was found in exhaust samples

® NMOG = NMHC + Carbonyls + Alcohols

' RAF = 0.67 as measured by Kroll at Volkswagen (SAE 932676)

Table 4-7 gives individually weighted emissions for each phase of the FTP. These data show that, even
with an EHC, nearly 70% of all NMOG emissions are caused by unburned gasoline-derived NMHC and
unburned ethanol present during the first 140 seconds of the FTP. These data also show that after 140
seconds, tailpipe exhaust emissions are well controlled, primarily because the catalyst is completely "lit
off" and catalyst conversion efficiency is high. Therefore, a method needs to be developed to either bring
the complete catalyst to light-off quicker, or momentarily "store” exhaust emissions until the catalyst is
completely lit off.
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Table 4-7. Weighted FTP Exhaust Emissions - EHC Test # E80-EHC-7CFM.

individually Weighted Exhaust Emissions (g/mi)

Total Bag 1A
Weighted Percentage
FTP of Total NMOG
Bag 1A Bag 1B
Exhaust (0-1 4% sec) (1 419_505 Bag 2 Bag Emissions Emissions
Emission sec) (g/mi)
NMHC 0.02 0.01 <0.01 <0.01 0.033 27%
Ethanol 0.03 <0.01 <0.01 <0.01 0.032 42%
Acetaldehyde 0.01 <0.01 <0.01 <0.01 0.011 13%

Future Plans

To further reduce exhaust emissions in the first few minutes of the FTP, SwRI will investigate
hydrocarbon adsorber technologies. Degussa has an aftertreatment technology that combines the functions
of a hydrocarbon adsorber and a light-off catalyst. This unit would capture the hydrocarbon emissions
from the vehicle during cold start while the catalytic material reached light-off temperature. The
hydrocarbons would then be desorbed and reduced by the catalytic material in the unit. The main catalyst
would continue to provide exhaust emission reductions. In addition, the EHC system may be
supplemented with a small hydrocarbon adsorber. This adsorber could be placed ahead of the EHC to trap
cranking and start emissions before the EHC is at operating temperature. Therefore, SWRI plans to test
both an EHC with reformulated main catalyst supplemented by hydrocarbon adsorber, and a hydrocarbon
adsorber/light-off catalyst with reformulated main catalyst during Phase 3.



Task 5 FueIIEngineNehicIe System Integration

Objectives

The objective of this task is to manage the overall project, and modify the vehicle as necessary to support
engine modifications.

Air Pumps for Air-Assist Atomizers and Electrically Heated Catalyst

The atomizer tests described in Task 3 help to define the size of the air pump that will be required to
provide atomizing air flow. Similarly, tests with the aftertreatment systems will determine the size of the
air pump required for adding air between the engine and catalyst during the warm-up phase to reduce
catalyst warm-up time by supplying excess fuel (relative to engine needs) from the engine controller, and
air from the auxiliary air pump.

A Thomas air pump has been obtained from Ford for testing to supply air for the air-assist injectors. The
pump was sized for air-assist injectors for a 4-cylinder engine rather than a 6-cylinder like the Taurus 3.0-
liter, and the capacity appears to be undersized. However, the Thomas pump will be used to evaluate its
performance. :

Flexible Fuel Vehicle Fuel Sensor

The fuel sensor in the 1993 Ford Taurus FFV was designed to operate on M85 or gasoline, or any blend
or M85 and gasoline. It was not designed to operate on ethanol or ethanol/gasoline fuel blends; however,
it responds for ethanol fuels roughly correctly for the desired open-loop fueling needed.

Ford supplied confidential information for the fuel sensor response expected for both ethanol/gasoline
blends and methanol/gasoline blends. Based on the supplied data, the sensor response for E80 should
result in the engine controller (EEC-IV) supplying too much E80 fuel during open-loop operation of the
vehicle. Therefore, tests were performed where the fuel sensor signal was replaced with a constant
frequency signal to more accurately meter the E80 fuel during open-loop operation. During closed-loop
operation on the exhaust oxygen sensor, the error in open-loop operation should not have an impact on
engine emissions. Emissions tests described under Task 4 showed little improvement when the fuel signal
was corrected, although the change was in the direction expected with slightly lower carbon monoxide and
slightly higher nitric oxides. These tests appeared to demonstrate that the adaptive learning algorithms
in the OEM Ford Taurus FFV were quite adept at correcting for the error in the signal from the fuel
sensor based on closed-loop feedback from the EGO sensor in the exhaust.
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Task 6 Integrated FueIIEngine System Optimization

Objective

The objective of this task was to develop a SWRI RPECS (Rapid Prototyping Engine Control System)
engine controller for complete control of all engine functions. This is not a device that modifies signals
being sent to the OEM engine controller; rather it completely replaces that controller. This is a shared
task between Task 3 and Task 6 of this project.

Rapid Prototyping Engine Control System Engine Controller Hardware

The hardware for the RPECS engine controller was constructed as planned in described by Bourn et al.
(1994). This is basically a PC-based engine controller that uses the PC for higher-level logic
development that is programmed in C-code, and for input and output from the engine controller.

However, many lower-level, engine specific tasks are off-loaded to a Silicon Systems 67F687 engine
controller chip.

The engine test cell version of this controller is shown in Figure 6-1. The key to this setup is the real-
time operating system extensions together with the custom boards. The custom boards off-load the most
time-critical engine control operations, such as injector and ignition timing. Because of this reduction
in the PC’s timing requirements, all control codes may be written in the high-level language C. In this
way, new control strategies may be very efficiently and quickly implemented and tested.

Rapid Prototyping Engine Control System Engine Controller Software

Software development for the PC-based, engine-test cell custom engine controller sufficient to run the
engine was completed. The initial features set in the controller include:

*  Open-loop fueling computed using either a mass airflow sensor or speed-density. A combination of

mass air flow (MAF) or speed-density may also be used, with the method chosen based on current
engine operating conditions.
*  Closed-loop fueling with wide-range UEGO feedback.

Cylinder-event based control during start-up. Allows for cylinder event by cylinder event based
control of fueling and spark timing.

Air-assist or OEM injector control.
As features are added to the software, they are being tested on the hardware in the Controls Laboratory,
using a 68HC11 EVB2 board to simulate the crank/cam pulses from the engine, and using power

resistors/LEDs to simulate the injectors, ignition coils, idle-air control and EGR valves.

Model-based control will be developed and implemented into the engine controller in the future. This
approach uses mean-value models for both air flow and fuel flow into the engine.
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D-2 D XXXX (Draft of 2/28/95)

Standard Specification for Fuei Ethanol (EdB85-Ed75) for Automotive
Spark-ingition Engines*

1. Scope

1.1 This specification covers a fuel blend, nominally 85 to 75 volume %
denatured fuel ethanol and 15 to 25 additional volume ¥ hydrocarbons
for use in ground vehiclies with automotive spark-ignition engines. Appendix
X| discusses the significance of the properties specified.

1.2 The values stated in S! units are to be regarded as the standard.
Values given in parentheses are provided for information oniy.

1.3 The following precautionary caveat pertains only to the test method
portion, Annex Al of this proposed specification.
This standard does not purport to address all of the safety concerns,
if any, associated with its use. It is the responsibility of the
user of this standard to establish appropriate safety and health
practices and determine the applicability of regulatory limitations
prior to use.

2. -Referenced Documents?

2.1 ASTM Standards:

D 86 Test Method for Distillation of Petroieum Products’

D 130 Test Method for Detection of Copper Corrosion from Petroieum
Products by the Copper Strip Tarnish test?®

D 381 Test Method for Existent Gum in Fueis by Jet Evaporation’

D 512 Test Methods for Chloride lon in Water*

D 525 Test Method for Oxidation of Gasoline (Induction Period Method)?

D 1193 Specification for Reagent Water*

D 1266 Test Method for Sulfur in Petroleum Products (Lamp Method)?

D 1613 Test Method for Acidity in Volatile Solvents and Chemical
Intermediates Used in Paint, Varnish, Lacquer,and Related Products®

D 1688 Test Method for Copper in Water*

D 2622 T‘est Method for Sulfur in Petroleum Products by X-Ray Spectrometry
Method

D 2988 Test Method for Water-Soluble Halide lon in Halogenated Organic
Solvents and Their Admixtures’ :

D 3120 Test Method for Trace Quantities of Sulfur in Light Liquid Petroieum
Hydrocarbons by Oxidative Microcoulometry®

D 3231 Test Method for Phosphorus in Gasoline®

D 3545 Test Method for Alcohol Content and Purity of Acetate Esters by
Gas Chromatography® .

D 4057 Practice for Manual Sampling of Petroleum and Petroleum Products®

D 4177 Method for Automatic Sampiing of Petroleum and Petroleum Products®
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D 4307 Practice for Preparation of Liquid Biends for Use as Analytical
Standards’

D 4626 Practice for Calculation of Gas Chromatographic Response Factors®

D 4806 Specification for Denatured Fuel Ethanol for Blending with Gasolines
for use as Automotive Spark-ignition Engine Fuel®

D 4814 Specification for Automotive Spark-ignition Engine Fuel®

D 4815 Test Method for Determination of MTBE, ETBE, TAME, DIPE,
tertiary-Amyl Alcohol and C1 to C4 Alcohols in Gasoline by Gas
Chromatography®

D 4929 Test Methods for Determination of Organic Chioride Content in Crude
oil* :

D 4953 Test Method for Vapor Pressure of Gasoline and Gasoline-Oxygenate
Blends (Dry Method)*

D 5059 Test Method for Lead in Gasoline by X-ray Spectroscopy’

D 5190 Test Method for Vapor Pressure of Petroleum Products
(Automatic Method)* A

D 5191 Test Method for Vapor Pressure of Petroleum Products
(Mini Method)*

D 5453 Test Method for Determination of Total Sulfur in Light
Hydrocarbons, Motor Fuels and Oils by Ultraviolet Fluorescence®

D 5501 Test Method for the Determination of Ethanol Content of Denatured
Fuel Ethanol by Gas Chromatography®

E 203 Test Method for Water Using Karl Fischer Reagent’

3. Terminology

3.1 Definitions:
- 3.1.1 ethanol, n -ethyl aicohol, the chemical compound

C,H OH. ‘ )
3.1.2 ‘methanol, n -methyl alcohol, the chemical compound
CH,OH. . '

3.2 Description of Terms Specific to this Standard:

3.2.1 denaturants, - gasoline, toxic or noxious
materials added to ethanol to make it unsuitable for beverage use
and suitable for automotive fuel use.

3.2.2 denatured fuel ethanol,-fuel ethanol made unfit for
beverage use by the addition of toxic or noxious materials.

3.2.3 fuel ethanol, -ethanol with impurities common to its
production (including water but excluding denaturants).

3.2.4 fugl ethanol (Ed85-Ed75),-blend of ethanol and
hydrocarbok of which the ethanol portion is nominally 85 to 75 volume %
denatured fuel ethanol.

3.2.5 higher alcohols, ~aliphatic alcohols of general
formula C{N)H(2N+1)OH with N being 3 to 8.

3.2.6 hydrocarbon, -those components in an ethanol-hydrocarbon
biend containing only hydrogen and carbon
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Fuel Ethanol (Ed85-Ed75) Performance Requirements

4.1 Fuel Ethanol (Ed85-Ed75) shall conform to the following requirements:

Ethanol plus higher alcohois
minimum volume %

(see 4.1.1 for Volatility Class Criteria) Class 1 79
Class 2 74
Class 3 70
Methanol
maximum, volume § 0.5
Higher aliphatic alcohols (C3-C8), Max, Vol} 2
Hydrocarbon (including denaturant)/aliphatic ether Class 1 -21
blends containing up to 2.7 Class 2 ~ '-26
weight oxygen, volume % Class 3 17-30
Water '
maximum, mass § 1.0
Vapor pressure, kPa (psi)
Class 1 38-59 (5.5-8.5)
Class 2 48-65 (7.0-9.5)
Class 3 66-83 (9.5-12.0)
Acidity as acetic acid S0
maximum, mg/kg
Gum Content, Solvent Washed, S
maximum, mg/100 mL
Gum Content, Unwashed, 20
maximum, mg/100 m_L
Total Chlorine as Chlorides 2
maximum, mg/kg
Inorganic Chioride 1
maximum, mg/kg v
Lead Class 1 2.6
maximum, mg/litre Class 2 2.6
Class 3 3.9
Phosphorus Class 1 0.3
maximum, mg/litre Class 2 0.3
Class 3 0.4
Copper, 0.07
maximym, mg/litre
Sulfur — Class 1 210
maximum, mg/kg Class 2 260
’ Class 3 300

Appearance

The product shall be visibly
free of suspended or precipi-
tated contaminants (clear and
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bright). This shall be deter-
mined at ambient temperature
or 21 Deg. C (70 Deg. F),
whichever is higher.

NOTE 1- Most of the requirements cited are based on the best technical
information currently available. Requirements for suifur, phosphorus, and
lead are based on the use of gasoline defined in Specification D 4814

and the understanding that control of these elements will affect catalyst
lifetime. The lead maximum is limited for Class 1 and Class 2 fueis to the
lower limit of the test method. As greater experience is gained from field
use of EBS vehicles and further vehicie hardware deveiopments for the use of
ethanol content fueis occurs, it is expected that many of these requirements
will change.

4.1.1 Vapor pressure is varied for seasonal and climatic changes by
providing three vapor pressure classes for fuel ethanol (Ed85-Ed75).
The seasonal and geographical distribution for three vapor pressure
classes is shown in Table 1. Class 1 encompasses geographical areas with
6 hr 10th percentile minimum ambient temperature of greater than 5 Deg. C
(41 Deg. F). Class 2 encompasses geographical areas with 6 hr 10th percentile
minimum ambient temperature of greater than -5 Deg. C (23 Deg. F) but less
than +5 Deg C (41 Deg. F). Class 3 encompasses geographical areas
with 6 hr 10th percentile minimum ambient temperature less than or equal to -5
Deg. C (23 Deg. F).

4.1.2 The hydrocarbons blended with the denatured fuel ethanol shall
have a maximum boiling point of 225 Deg. C (437 Deg. F) by Test Method D 86,
oxidation stability of 240 min minimum by Test Method D 525, and No. 1
maximum copper strip corrosion by Test Method D 130. The hydrocarbons may
contain aliphatic ethers as blending components as are customarily used
for automotive spark-ignition engine fuel.

4.1.3 The denaturant for the denatured fuel ethanol used in making Fuel
Ethanol (Ed85-Ed75) shall meet the requirements of ASTM D 4806 Section 5.0.

4.1.4 Use of unprotected aluminum in fuel Ethanol (Ed85-Ed75) distribution
and dispensing equipment wilil introduce insoluble aluminum compounds into the
fuel, causing plugged vehicie fuel filters. Furthermore, this effect can be
exaggerated even with protected aluminum by elevated fuel conductivity
caused by cantact with nitrile rubber dispensing hose. Therefore,
unprotected aluminum and uniined nitrile rubber dispensing hose should be
avoided xn fud ethanol (Ed85-Ed75) fuel distribution and dispensing
systems

5. Sampling
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5.1 Sample in accordance with Practice D 4057, except that water displacement
(10.3.1.8 of Practice D 4057) shall not be used.

5.2 Where practical, fuel ethanol (Ed85-Ed75) should be sampied in giass
containers. |f samples must be coliected in metal containers, do not use
soldered containers. This is because the soidering flux residues in the
containers and lead in the solder car contaminate the sample. Plastic
containers should be avoided.

5.3 A minimum sample size of about 1 L (1 U.S. gt) is recommended.

6. Test Methods

6.1 Determine the requirements enumerated in this specification in
accordance with the following test methods:

Note 2. The appropriateness of ASTM test methods cited has not been
demonstrated for use with fuel ethanol (Ed85-Ed75). |In addition, the test
method outlined in the Annex A1l is in the developmental stage and lacks
precision and bias determinations.

6.1.1 Ethanol- Test Method D 5501

6.1.2 Hydrocarbon/aliphatic ether blend content- Use Test method D5501
to determine other aicohols, methyl tertiary-butyl ether (MTBE),
and other ethers. Determine water by the Karl Fischer test method (see 6.1.10).
Subtract the concentration of alcohols and water from 100 to get the percent
hydrocarbon/aliphatic ether.

6.1.3 Vapor Pressure - Test Method D 4953, D 5190, or D 5191.

6.1.4 Acidity- Test Method D 1613.

6.1.5 Gum Content, soivent washed and unwashed- Test Method D 381.

6.1.6 Total Chlorine as Chloride- Test Method D 4929, Method B.

6.1.7 Inorganic Chloride- Test Methods D 512 or D 2988. An aiternate
method for inorganic chloride is found in Annex A1l.

6.1.8 Lead- Test Method D 5059. With Test Method D 5059,
prepare the calibration standards using ethanol (reagent grade) as the solvent
to prevent errors caused by large differences in carbon-hydrogen ratios.

6.1.9 Phosphorus- Test Method D 3231.

6.1.10 Water- Test Method E 203.

6.1.11 Copper- Modification of Test Method D 1688 as outlined in D 4806.
6.1.12 Sulfur- Test Methods D 1266, D 2622, D 3120, or D5453. With Test
Method D 2622, prepare the calibration standards using ethanol (reagent grade)
as the solvent to prevent errors caused by large differences in

carbon-hydrogen ratios.

7. Keywo(rds

7.1 acidity; alcohol; automotive spark-ignition engine fuel; chioride;
copper corrosion; ether; gum content, soivent washed; fuel ethanol (Ed85-Ed75)
for automotive spark-ignition engines; hydrocarbon; inorganic chioride; lead;
MTBE. oxidation stability; oxygenates; phosphorus; suifur; total chlorine;
vapor pressure; volatility; water.
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Footnotes.

(M) This specification is under the jurisdiction of Committee D-2 on
Petroleum Products and Lubricants and is the direct responsibility of
Subcommittee DO2.A on Gasoiine and Oxygenated Fueis.

(2) Reference to the following documents is to be the latest issue unless
otherwise specified.

(3) Annual Book of ASTM Standards, Vol 05.01.

(4) Annual Book of ASTM Standards, Vol 11.01.

(5) Annual Book of ASTM Standards, Vol 06.03.

(6) Annual Book of ASTM Standards, Vol 05.02.

(7) Annual Book of ASTM Standards, Vol 15.05.

(8) Annual Book of ASTM Standards, Vol 05.03.

(9) American Automobile Manufacturers Association, "Fuel Methanol
Compatibility Standards and Dispensing Equipment List for M85 Fueled
Vehicies”, October, 1994.
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ANNEXES

(Mandatory Information)

Al. TEST METHOD FOR DETERMINATION OF INORGANIC CHLORIDE
IN FUEL ETHANOL (Ed85-EdT75)

Al1.1 Scope

A1.1.1 This test method covers a procedure to determine
the inorganic chioride in fuel ethanol (Ed85-Ed75) in the range of
concentrations 0.4 to 2.0 ppm.

A1.1.2 The values stated in S| units are to be regarded as the standard.

Al1.2 Summary of Test Method.

A1.2.1 The sample is concentrated, acidified, and treated with silver
nitrate. The turbidity is visually compared with standards.

A1.3 Significance and Use

A1.3.1 Because of the corrosive nature of inorganic chloride to the fuel
system of internal combustion engines, a means to measure low levels of
inorganic chloride in fuel ethanol (Ed85-Ed75) is required.
Al.4 Apparatus

A1.4.1 Distillation Apparatus-500mL distillation flask,
condenser and 250 mbL graduated cyiinder as collector.

A1.4.2 Nessler Tubes, 100 mL, matched, tall form.

Al1.5 Reagents and Materiais

A1.5.1 Nitric_Acid (HNO,) Solution . 1 part 15.7M
to 1 part demineraiized water. (Warning-See Note Al1.1.)

Note:Al.‘l: Warning-Corrosive. Health hazard.

A1.5.2 Silver Nitrate Solution, 0.1 M.(Warning -See
Note A1.2.) _

Note-Al1.2: Warning Health Hazard.
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A1.5.3 Ethanol, halide- and suifide-free by distillation.
(Warning-See Note A1.3.)

Note-A1.3: Warning-Flammable. Health hazard.

A1.5.4 Demineraiized Water, halirie- and sulfide-free.

A1.5.5 Sodium Chioride (NaCl)
Al1.6 Standards

A1.6.1 Dissolve 0.845 g of dry sodium chloride (NaCl) in halide- and
sulfide-free water and dilute to 1 L in a volumetric flask. Mix thoroughly
and label Solution A (0.5 mg Cl/mL). )

A1.6.2 Pipet 10 mL of solution A into a 1 L volumetric flask. Dilute
to volume with halide- and sulfide-free water. Mix thoroughly and label

Solution B (0.005 mg Cli/mL).

A1.6.3 In matching Nessler tubes, prepare the following standards:

Blank 1 2 3 4 S
Solution B, mi (pipet) 0.0 1.0 2.0 3.0 4.0 5.0
Ethanol, miL (Cl-free) 80 80 80 80 80 80

Al1.6.4 For each standard follow A1.7.4 to A1.7.8.

A1.6.5 The turbidity standards are affected by light and are not stable.
Prepare fresh standards (from solution B) for each group of samples.

Al.7 Procedure

A1.7.1 Clean all giassware with 1 M HNO,, and rinse with
demineralized water and halide- and suifide-free ethanol.

A1.7.2 Measure 320 mL of sample in a graduated cylinder and put into the
distillation flask, add boiling beads. Distill the sample into a graduated
cylinder until 240 mL of the distillate is obtained. Use 4 mL of the
concentratdid residue from the distillation flask as follows.

A1.7.3- Add a 4 mL sample to a 100 mL Nessier tube.

A1.7.4 Add 80 mL of halide- and sulfide-free ethanol to the sample in
the Nessier tube.
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A1.7.5 Dilute the contents of all tubes (sample and standards) to the
100 mL mark with halide- and suifide-free water.

A1.7.6 Pipet 2 mbL of nitric acid solution (1 part 15.7 M acid
to 1 part demineralized water) into each tube.

A1.7.7 Pipet 1 mL of 0.1 M silver nitrate solution into each
tube.

A1.7.8 Stopper and mix thoroughly by inverting.

-A1.7.9 Allow the tubes to stand in the dark for 5 min. Vi.ually compare
the sample to the standard soiutions while looking verticaily against a black
background. Record the millilitres of standard Solution B that match the
sample.

A1.8 Calculation

(A1.1) Calculate the results as folilows:
(A)(B)(0.001)(1000000)/(320/80) (4)(0.789) = ppm CI

where:
A =mL of Solution B that matched sample,
B =mg Cl/mL of Solution B,

0.001 =mg to g.
320/80 =concentration factor,
= mL of sample, and
0.789 = relative density of ethanol at 20 deg C (68 Deg F) compared to
water at 4 deg C (39 Deg F)

A1.9 Precision and Bias

A1.9.1 Precision- The precision of this test method for
measuring inorganic chioride in fuel ethanol (Ed85-Ed75) is being
determined.

A1.9.2 Bias- Since there is no accepted reference material
for determining bias for the procedure in this test method for
measuring inorganic chloride in fuel ethanol (Ed85-Ed75), bias has
not been determined.

i

Doc# DRAFT 21
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APPENDICES
(Nonmandatory Information)

X1. SIGNIFICANCE OF SPECIFICATION FOR FUEL ETHANOL (Ed85-Ed75)
FOR AUTOMOTIVE -SPARK-IGNITION ENGINES.

X1.1 Ethanol

X1.1.1 The ethanoi content of fuel ethanol (Ed85-Ed75) is a critical
parameter as it affects the capability of the fuel metering system of the
dedicated EdB85-Ed75 vehicle to establish the proper air/fuel ratio
for optimum vehicle operation. This is much less of a3 concern for multifuel
-capable vehicles than for dedicated Ed85-Ed75 vehicles. Ethanol
content may also affect the lubricating properties of the fuel, the water

tolerance of the fuel and the ability to meet cold and cool area volatility
requirements.

X1.1.2 The inclusion of impurities, some denaturants, and contaminants,
except for the deliberately added hydrocarbons or additives or both, can
impact adversely on the properties and performance of fuel ethanol (Ed85-Ed75)
as an automotive spark-ignition engine fuel. The quantities of some of these
materiais are controlled by specified property limits. The limits on water,
higher molecular weight alcohols, and methanol, and types of denaturants

as well as minimums on the amount of ethanol and hydrocarbons limit,

but do not prevent,the presence of trace materials.

X1.2 Hydrocarbon

X1.2.1 Hydrocarbons are deliberately added to provide improved cold
startability and warm up driveability. The addition 'of hydrocarbon to
fuel ethanol changes its volatility and can affect the flammability

of fuel tank vapors.

X1.2.2 This specification does not control the composition

of the hydrocarbons added to the denatured fuel ethanol.
However the hydrocarbons shall be stable, noncorrosive, and be
in the boiling range of automotive spark-ignition engine fuel as
specified in D 4814. . .

X1.3 Vapor Pressure

X1.3.1 ~addition of volatile hydrocarbons is required for adequate

cold star@Bbility. The addition of hydrocarbons which are too volatile

can contribute to hot fuel handling problems. Higher vapor pressures are
required at colder ambient temperatures while lower volatility fueis

are less prone to hot fuel handling problems at higher (summertime)
ambient temperatures. Excessive vapor pressure contributes to evaporative
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emissions. Lower and upper limits on vapor pressure for the three volatility
classes are used to define the acceptabie range of volatile components to
ensure adequate vehicle performance.

1.4 Acidity

X1.4.1 Very dilute aqueous solutions of organic acids such as acetic
acid are highly corrosive to a wide range of metals and alloys. It is
therefore necessary to keep such acids at a very low level.

X1.5 Gum Content, Solvent Washed and Unwashed

X1.5.1 The test for gum content, solvent washed, measures the amount of
residue after the evaporation of the fuel and following a heptane wash.

The heptane wash removes the heptane-solubie, nonvolatile materiai such as
additives, carrier oils used with the additives, and diesel fuel. Gum content,
unwashed, consists of fuel-insoluble and fuel soluble gum. The fuel-insoluble
portion can clog fuel filters. Both can be deposited on surfaces when the
fuel evaporates.

X1.5.2 Gum content, soivent washed, can contribute to deposits on the surface
of carburetors, fuel injectors, and intake manifolds, ports, valves and valve
guides. The impact of gum content, solvent washed, on malfunctions of modern
engines which can operate on fuel ethanol (Ed85-Ed75) has not been fully
established but is based on limited experienced gained with M85-M70 fuels in
field tests and from historic gasoline limits. Performance effects

depend on where the deposits form, the presence of other deposit

precursors such as airborne debris, blowby and exhaust gas recirculation

. gases, oxidized engine oil, and the amount of deposit.

X1.5.3 - The difference betweeri the gum content, unwashed, and gum content,
solvent washed, values can be used to assess the presence and amount of
nonvoiatile material in the fuel. Additional analytical testing is required

to determine if the material i1s additive, carrier oil, diesel fuel, etc.

X1.5.4 The gum content, unwashed, limit is intended to limit high-boiling
contaminants, like diesel fuel, that can affect engine performance, yet allow
the use of appropriate levels of deposit control additives with carrier oils
in fuel ethanol (EdB85-Ed79).

X1.5.5 Because the precision statements for D 381 were developed using
only data am hydrocarbons, they may not be applicable to fuel ethanol
(Ed85-Ed75).

X1.6 Total Chilorine
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X1.6.1 lonic (inorganic) and organic chlorine are corrosive to many
metals, and it is desirable to minimize organic and ionic chlorine
_compounds in fuel ethanol (Ed85-Ed75).

X1.6.2 A total chiorine limit of 2 mg/kg, maximum has been
found to be inadequate in protecting some fuel system components. An

inorganic chloride himit of 1 mg/kg , maximum, is specified to provide
additional protection.

X1.7 Lead

X1.7.1 Most vehicles equipped to operate on fuel ethanol (Ed85-Ed75) are
equipped with exhaust catalysts that control emissions of aldehydes
(formaidehyde and acetaldehyde) as well as regulated emissions. Lead
compounds deactivate the catalyst and are therefore limited to trace
amounts.

X1.8 Phosphorus

X1.8.1 Like lead, phosphorus deactivates exhaust catalysts and is limited to
trace amounts.

X1.9 Appearance

X1.9.1 Turbidity, phase separation, or evidence of precipitation normally
_indicates contamination. °

X1.10 Wwater

X1.10.1 The solubility of hydrocarbon in fuel ethanol (Ed85-Ed75) and blends
with gasoline as may occur in multi-fuel capable vehicles decreases with
lowering temperature and increasing water content. Separation of the
hydrocarbon from the fuel will adversely affect cold starting and driveability
and denaturing. Water may affect the calibration of some types of composition
sensors of multi-fuel capable vehicles. Water aiso reduces the energy content
of the fuel and thus adversely affects fuel economy and power. Because
some degree of water contamination is practically unavoidable in transport
and handling, and because the fuel ethanol (Ed85-Ed75) is miscibie with water,
the water content of fuel ethanol (Ed85-Ed75) is limited to reduce the
potential for probiems.

X1.11 Copper

X1.11.1 Copper is a very active catalyst for low-temperature oxidation of
hydrocarbons. Experimental work has shown that copper concentrations
higher than 0.012 mg/kg in commerciali gasolines may significantly
increase the rate of gum formation.
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X1.12 Sulfur

X1.12.1 The limit on sulfur content is included to protect against engine
wear, deterioration of engine oil, corrosion of exhaust system parts, and
exhaust catalyst deactivation.

jmd 2/28/95
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FUEL INJECTION PUMPS—HIGH PRESSURE PIPES

(TUBING) FOR TESTING—SAE J1418 DEC87

SAE Standard

Report of the Engne Committee approved December 1987. This report references iSO 4098

1. Purpose— This standard specifies the dimensional requirement of
a range of high pressure pipes for use in the bench testing and setting
of fuel injecuon pumps.

Only dimensions and requ:rements affecting the hydraulic character-
istic of the pipes are defined. Other requirements, such as the tvpe of
end connections and shape of the pipes when bent, are not included.
These depend on the connections provided at pump outlets and injec-
tor inlets, and on the design features of individual pumps and test
benches.

2. Deseription—The range of pipes specified enables pump and en-
gine manufacturers to choose suitable pipe sizes for pump delivenies up
to 300 mm?® per stroke per cylinder. The particular pipe to be used
shall be idenuified by the pump manufacturer in the test specification
for each individual pump type and application.

3. Dimension—The seven standardized sizes of pipes are shown in
Table 1. Dimensions are in millimeters.

4Gcmlkqnmu

4.1 The pipes may be of ferrous material, usually coid-drawn mild

steel, conforming to SAE ]529 MARSS.
4.2 After end connections are made, any closing-in or reduction in
opening of the pipe shall be removed to a depth of at least twice the

GASOLINE FUEL INJECTOR—
SAE J1832 NOV89

TABLE )
Extornel Mimisum
om & imernal Diamerer Oiemeter Longth Conwral Line
min Send Rodus®
1 20 = 0.025 6 600 = § 14
2 20 = 0.028 6 845 = § 16
3 3.0 £ 0.028 ) 40 ¢S 25
4 3.0 = 0.028 é 1000 = § 25
5 3.0 = 0.028 é 750 = § 25
[ 1.6 = 0.028 é &0 =5 16
7 20 = 0.028 ] 450 = S 6

“Bends may ciiect the pump el delivery. Fipes shauld be srasge and emform with
as posuble bending rodi. o g

length of the deformed end of the pipe. Any closing-in of the ends af-
ter extended use shall also be eliminated.

4.3 Pipes shall be cieaned internaily after the ends are made and
bent in order to remove extraneous matter.

4.4 During storage, the pipes should be protected internaily
against corrosion and contamination.

4.5 Flow specifications for straight lines are not applicable to bent
lines; therefore, straight-line flow specifications are not provided.

SAE Recommended Practice

Repart of the Fuel lajection Subcommittee spproved November 1989. Rationale satsment avaulabis.

1. Sespe—This SAE Recommended Practice promotes uniformity in

in gasoline engine applications. Its scope is limited to electronically ac-
tunted fuel injection devices used in automotive port or throttie body
fuel injection systems where fuel supply pressure is below 500 kPa. It
is further restricted o bench type tests. More specifically this document
is intended for use as a guide to the following:

1.1 Idemify and define those that are used to measure
foel injector characteristics or performance. The parameters included
in this document are listed along with their recommended symbol
where appropriate:

Closing Time (CT)
Coil 1 nducm(l.)
Coil R ce (R)
Dylmmc Qa)
Dynamic Flow Calkulated (Qa)
Dymamic Flow Rate (Q)
Dynamic Minimum Operating Voitage (DMOV)
Dynamic Set Point (PWy,)
Dymamic Set Point Flow (Qgq)

Leaka

Linear Flow Range (LFR) -

Lmanty Deviation (LD)

Opening Tme 0D F°
ime

Omuns Voltage Range

Pub W:d:h (PW)
Pressure Drop Ratio (PDR)

Repeatability

Slope (m)

Slope Approximated (my)
Spray Pattern

Seability (S)

Sazic Flow Rate (Qs)
Static Minimum

Static Pull-In Current (I/
Time-Offset (X)

Working Flow Range (WFR)

Current (1/S-OFF)
Voltage (SMOV)
N)

1.2 Establish test procedures, and recommend cem equipment and
mahods:omumreando?umufythae parameters.

1.3 Standardize use of nomenclature specifically retated to fuel in-
jectors.

2. Injector Types

ummm—lnmmybechmﬁedamporbouom
feed based on the fuel path. Fuel enters at the top of 2 “top feed” injec-
tor (Fig. 1a) and near the bottom or side of the “bottom feed” (Fig. 1b)
injector. Metered fuel exits the bottom in both type injectors.
A fuel filter is typi as an integral part of the injector at
the fuel entrance. This unanomﬂydax;nedmbemcuble
or the only fuel system filtration device. Its main purpose is to prevent
initial fuel line and rail contaminants from entering the injector. l;aho
provides contamination protection during testing or servicing of the
fuel system. An in-line serviceable filter as the fuel
system filtration device. These filters usually have the capability of re-

smaller contaminants than filters used on carbureted systems.

coil, magnetic force pulls the valve away from the sest allowing fuel to
pas the valve/seat and out the metering o xce The
Qsofthemjeaofdepmdaon:heﬁdprmnud:hehyduuhclosm
of the fuel circuit. By design, the major restriction to flow is in the me-
mmﬁmmﬁnmﬂhm&ehrgmpm
drop: , most also rely on a premsure drop across
and:eu.Auhc orhﬁohhcnhe-nmd the Qs
andanbemduamfwthemﬂgr:lmob«zn
the A is incorporated to reeurn ve to the
cmmmq&mmnw This ensares that the in-
j oaly flow on energization of the
requredfor:henlvewopenmd
dym:hauaam\lany de-
dmm.mmmﬁmhmwadjuume
preload of the spring to obain the dynamic set poine flow.
igns use hi finished metal-to-metal surfaces 1o provide a
lnkughualandnmmnﬂowshnﬁduwh&cychng Metal also
heips minimize changes in stroke when operated at extreme enwiron-
mental temperatures. Ball/sest, mating conical surfaces and flat surface
denigns are in use (Fig. 2).
From the metering section, fuel flows out through some type of spray
pattern generating feature. The spray is produced by the metening on-

j
1
E
f
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FUEL INLET

FUEL INLET
' FILTER

RETURN R
SPRING g

‘ BOBBIN
POLE COIL

PIECE
ARMATURE

_——— ARMATURE
STOP

METERING
ORIFICE

VALVE/SEAT SPRAY
‘ GENERATOR

METERED
FUEL OUT
FIG. 1a—TOP FEED INJECTOR

ELECTRICAL
CONNECTION

ELECTRICAL

CONNECTION
— POLE PIE
COIL I BOBBIN
ARMATURE —__ ARMATURE
STOP
FUEL/VAPOR -~
PURGE PATH
RETURN
SPRING
FUEL INLET —= -—~FUEL INLET
FUEL INLET
FILTER
VALVE/SEAT
METERING
_ l ORIFICE
PLATE
SPRAY METERED
GENERATOR FUEL OUT

FIG. 1b—BOTTOM FEED INJECTOR

FIG. 1—TYPICAL FUEL INJECTOR DESIGNS

CONICAL SEAL
PINTLE TYPE

BALL/SEAT SEAL
MULTI-ORIFICE

CONICAL SEAL
DUAL PENCIL
STREAM SPRAY

CONE

Y

FLAT FACE SEAL
SINGLE ORIFICE
CONE SPRAY

S\

F1G. 2—FUEL METERING AND SPRAY GENERATION

BALL/SEAT SEAL
SINGLE ORIFICE
PENCIL STREAM

Al




fice or by a separate spray generating part. Injectors used for throttle
body injection generaily use multiple orifices to generate 2 wide angle,
hollow cone. The current port fuel injection designs are more diversi-
fied in spray pattern generation. Multipie orifice, single orifice, and
pintle stvles exist. These generate ‘patterns ranging from 2 pencil
stream to cones of varying angie distribution. With the introduction of
multiple intake valve per cylinder engine designs, dual saream port fuel
injectors are sometimes used. Multiple sprays can target fuel 10 each in-
Jet valve to promote more uniform air fuel mixture.

Top feed injector designs have the fuel traveling axiallv through the
center of the coil and down into the metering area. This design is read-
ily adaptable to PF1, but vapors generated within the injector are not
easily purged due to the opposing incoming fuel flow. To minimize va-
por generation and provide adequate hot fuel handling, the fuel system
pressure is mainaained at a reiatively high level of 250 to 500 kPa.

Bottom feed injectors have been primarily used on central fuel injec-
tion systems where one or more injectors are located in the throttle
body. This design allows packaging of an injector in a fuel metering
body such that the injector is centered above the throttie plates. An ad-
vantage of bottom feed injectors is the incorporation of a vapor purge
path. Since fuel comes in near the bottom of the injector, the fuel va-
pors can rise above the metering area. By providing a direct passage
out of the injector, vapors are more easily purged. This vapor purge
passage allows the use of lower fuel pressure (100 kPa) while still main-
taining adequate hot fuel handling performance. Although typically
used on central fuel injection applications, there is interest in using the
bottom feed design for port applications.

2.2 Maguetic Circuit—The solenoid assembly of an electromag-
netic fuel injector supplies the force to actuate the fuel metering valve.
Two commonly used solenoid designs are the plunger style armature,
the most prevalent, and the flat face disk armature. The major compo-
nents of the solenoid assembly include the coil assembly, solenoid body,
pole piece, armature, and return spring.

The function of the coil assembly is to produce 2 magnetic field when
energized. The coil consists of a specified aumber of turns of insulated
wire wound around a bobbin. The material and size of the wire is cho-
sen to provide 2 given number of turns to develop the magnetic force
while achieving the required electrical resistance for the injector driver
circuit. Copper is typically used for low resistance injectors and brass
for the high resistance injectors. The total electrical resistance of an in-
jector is essentially equal to that of the coil assembly, which is a func-
tion of the resistivity of the wire, length of wire, and the termination
of the wire 10 an electrical connector. Inductance, on the other hand,
is a function of the number of turns in the coil, materials used for the
body, armature, and pole piece, grometric construction, air gaps, etc.
Inductance, therefore, must be measured on the compieted assembly.

The magnetic field produced by the coil generates flux, which travels
in a closed loop around the coil assembly. It is the function of the com-
ponents in the magnetic path to carry the flux efficiently. The solenocid
body is the segment of the circuit that carries flux from the pole piece
to the armature. The armature is the moving element of the solenoid,
which controis the flow of fuel by opening and closing a valve. The
pole piece is the nonmoving clement that attracts the armature when
the coil is energized. The i clearance between the pole
pieceandzhe;rmamreisalled:hewatin‘air%hi:hmghzhh
air gap that the force of auraction is working air gap
consists of both a fixed and a2 varisble air gap, the latter of which is de-
pendent on the position or stroke of the armature. The fixed air gap
prevents contact between the armature and poie piece to minimize the
effect of residual magnetism. Since contact between these two parts
would result in longer closing times, a stop or spacer made from non-
magnetic material is used to ensure that a fixed clearance is maintained
when the vaive is fully opened. The magnetic force of artraction is most
important in the working air gap; consequently the magnetic properties
of the materiais used and the geometry of the parts are critical to the

of the design. The remaining parts of the magnetic circuit
have a lesser effect on the total reluctance and response of the solenoid.

The major difference between the two solenoid designs shown in Fig.
3 is the path of the flux into the armature from the solenoid body. In
gap is necessary to permit the armature to move axiaily relative to the
nonmoving components of the solencid assembly. The working air gap
accommodates the motion of the armature assembly. In the flat face
disk design, an additional working air gap is required with no radial air
gap between the armature and solenoid body.

2.3 Coid Start Injector—The cold start injector is a simplified ver-
sion of an electromagnetic top feed fuel injector used to provide addi-
tional fuel during crank at cold ambients. 1t is utilized primarily on PFI
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systems and is located in the inlet air passage 1o distribute fuel to all cyl-
inders. It is nomally_ energized by a bimetallic switch that provides bczt.
tery voltage to the injector coil independent of the electronic control
module or injector driver. jc performance is not critical since it
is operated only fully “on® or “off". Q,, atomization of the fuei, and
minimum operating voltage are the important criteria.

3. Standard Test Conditions—Unless otherwise specified, the follow-
ing test conditions are implied:

3.1 Test Fluid—Fuel injectors are designed to spray gasoline, and
most development and testing invoives verification of injector perfor-
mance with that fuel. Gasoline, however, is volatile and variable: in
physical properties. A less volatile hydrocarbon liquid (normal Hep-
tane) with known physical properties and a viscosity and density near
gasoline is, therefore, recommended for measurement of injector per-
formance characteristics discussed in Section 4. It is recognized that no
one test fluid is ideal and will duplicate the performance of muitihydro-
carboa fuels found in the field. o-Heptane was selected as the best com-
promise on the basis of (1) woridwide availability, (2) stability if reused,
and (8) fluid properties close to that of ine. Tests that are more
application-related or conducted for quality control, durability, etc..
may be performed with fluids specified by the user.

n-Heptane is one of the two common pure hydrocarbons used to de-
fine the octane number scale, and is stocked in all petroleum refinery
control and analytical laboratories worldwide to known levels of purity
and consistency. It sprays with gasolinedike qualities through the
known fuel injector designs, and yields exceilent reproducibility of
spray form and flow rates. n-Heptane is not gasoline, however, and
flows in the most common injector design of 1987 at about 3 to 4%
lower rate than Indolene, the U.S. EPA emission test gasoline (see Ta-
ble 1). For different injector designs, other values of this gasoline to n-
Heptane difference will be found.

The most significant advantage of n-Heptane over gasoline is reusa-
bility. It is a pure hydrocarbon compound and not a mixture of natural-
ly occurring compounds, as in gasoline. Repeated flow testing, resulting
in partial evaporation of the test fluid. does not change the flow prop-
erves of the remaining fluid. Thus, repeated flow measurements are
more consistent. When correlation work with gasoline is carried out,
the gasoline should be tested “once-through”.the injector. and fresh
gasoline used for replicate teszs. In this way, property change in the
gasoline due to partial jon will be avoided.

Both gasoline-and n-Heptane are light, volatile liquids, and have flash
points well below normal room temperature. Vapor from both liquids,
therefore, poses a fire hazard that must be continuously controlled in
the laboratory areas.

Factory-floor environments seldom permit routine use of flammable
liquids above their flash points. Manufacture of fuel injectors generally
involves a flow measurement of the compieted (or partially compieted)
injector, and a heavier-than-gasoline liquid is usually chosen for this
purpose, so that the flash point of the liquid is higher than the factory
working area temperature. One such liquid is a typical medium petrole-
um distillate called “mineral spirits” in the USA, which has a
flash point over 43°C. Such liquids require 2 laboratory-to-factory floor
alibration step in which a flow rate on the test fluid corresponding to
the desired gasoline flow rate must be esublished for each individual
injector design and test condition. No general relationship is appropri-
ate, or possible, from this document. Middle distillates for factory floor
use are normaily procured from convenient local facilities near the
makers’ plants, and valid-for<the-batch calibrations are made to deter-
mine and maintain production quality of the finished injectors. Physical

FLAT DISK DESIGN PLUNGER DESICN

_ ELECTRIAL TERMINALS

_-— FLUR PATH

WORKING
AIR CAP

STROKE

FIG. 3-—MAGNETIC CIRCUIT



TARE 1 —INRCTOR AOW RATES OF INDOLINE VERSUS o-NEPTANE

Shasls Oynasnic
Viecselty - Spedfic Peow Reow

<t @ 20°C Gravity [} mg/puise
indolene 0.419 0.78 1.993 3.8
Hepons 0.408- 0.8 1.918 .52
% Difference -3a -30

property specifications for n-Hepeane, Indolene, and mineral spirits are

given in Table 2.

3.2 Fluid T. Should be measured at the injector inlet
and suabilized a¢ 20°C = 1.0 (Reference 6.1).

3.3 Injector Temperature—Should be stabilized at room tempera-
tre 22°C t $ prior to text.

3.4 Pressure—The differential across the injector will be
determined by the application and heid to within £0.10 kP2 of this val
ue throughout the test. It shouid be specified in (kPa) units and mea-
sured at the injector inlet (Reference 6.1).

_ 3.3 Period (P)—The time elapsed between the ing of one

whewmehegnnmgofmzuenplmshdlbemm/puhe

: 0.001 for both port and throctle body injection applications whether

mﬁxelddsvmme:hodnummmmungkordoubleﬁn sequen-
etc.

3.8 Pulse Width (PW)—The increment of time (ms) that the in-
jectors are commanded to deliver fuel shall be determined by the type
of test being conducted and held within =0.001 ms.

2.7 lw Driver—Determined by application and of instru-
ment 4.1 for driver types). Voltage supplied to the driver shall
be 14.0 V DC = 0.05.

8.8 Polarity—-Maintained consuant throughout all testing and
same as that used in the application.

3.9 Test Apparatus—The type of flow fixture used will vary de-
pending oo the particular injector parameter being evaluated (Refer-
ence Sectiva 6).

3.9.1 InsTRUMENTS—Stabilized per manufacturers’ recommenda-
‘ions.

19.2 Injzcron Posrmon—The injectar should be mounted vertically
neptwhataudnanmup:lpanofafndnﬂmhly

9.3 Pm:ounmoumo—-l’urge mjecwnand test

3d to remove all air, vapers, and
mmasommmwmr
'.9.4 FLow MIAsuRIMINT—Flow rate ma bemredbyeuher vol
,eormﬂowwuhthzhuerbang preferred method. Dawa
be reported in mass flow units (g/3 or mg/pulse).
4.mcmu4w

Uﬂ

wn.h test
jectors for

indacnbmgand/ormmnng:hehuxﬁmmlchamof
the injector.
4.1.1 Pruop (Py—The reciprocal of the frequency of injection; that
is, the time elapsed between the beginning of one injection to the be-
gmnmgof:henmmmuwuedmumuof(m/puhe)
412Pt'quxm(PW)—lncm time thag the injectors are
commanded to deliver fusl for a si injection event (ms).
4.1.3 Static Frow hﬂ(@-muudfnddehmed(‘/s)byan
injector when energized in the fully opened positica. It is the maximum
flow rate of the injector and can be used to
of the injector flow curve (Reference 4.1.11).
4.1.4 Dvvamc Frow (Qu)—The measured fuel delivered per pulse of
nh~mpaor(ng/puhe)whmenergxuduasptaﬁdpuhend&h that
actual quantity of detivered during dynamic
Lbbwmimhﬂ(q;—mﬂnlddw«edperumtofnme
1 energized at a specified PW and P. This term is used to indicate
slow raie of the injector in units of (g/3).

Q= Q? (Eq-1)

4.1.6 Dyvamic Frow CALcuLATID (Qu) —The calculated fuel defiv-

ewperpuhecfthemjmr ata venpukemdt.hhndonzhealm

iated (linearized) flow in mg/pulse.

Qi = m(PW) Y = m(PW - X) (Eq. 0

.7 Dy~amic SeT POINT (PW,,) —The pulse width specified in (ms).

at  aich a specified fuel delivery is set during manufacture of the injec-

to: .2 establishes Qsp, the dynamic performance and offset charactens-

t:. of the injector. It represents a Qq point or pulse width at which the
flow variation of a population of injectors is minimized.

4.1.8 Dynasac Ser Poivt Frow (Qsp) — The measured fuel deli
per pulse of the injector in mg/puise when energized at the dn
set point. This flow is used for mcomgwandquahryco

4.1.9 LinvamiTy DEviaTiON (LD)—— I[deally, the flow from an inj
shouid be linear and directly proportional to pulse width over th
flow range of the injector. This is not the actual case, for sigmficar
viation from linearicy occurs at the extremities of the flow curve |
4 and 5). In order 10 measure the deviation from linearity, a
squares regression analysis is on five intermediate
points at 3, 4. 5, 6, and 7 ms PW with a period of 10 ms/puise. Qd
PW are, respectively, the dependent and independent variabies.
resulting curve is referred to as the linearized flow curve. Devi:

e ¢ = PERIOD (ms/Pulse) —
Q’ he Qd/P

vhen PV = P

" LINEARIZED
FLOW CURVE

. ACTUAL
FLOW CURVE

Qg = VYNAMIC FLUW (mg/Pulse)

FLoW
OFFSET
Y 4 3 & 5 6 -
f PULSE WIDTH (ns)
TIME e x -—-i DYNAMIC FLOW —=—
OFFSET | ¢

POINTS USED IN
REGRESSION ANALYSIS

DYNAMIC FLOW CALCULATED (mg/Pulse) = Q4o = a(PW) ~ Y = a(PW=2

DYNAMIC FLOW RATE (g/s) = Q = Qg/P

FI1G. 4—CHARACTERISTIC INJECTOR FLOW CURVE

from linearity is then defined as the difference between the
messured or actual flow (Qg) and calculated flow (Qq) taken at 2 given
puise width divided by the calculated flow.

LD —94?99-. X 100 = % (Eq.9)

4.1.10 Score (m)—The change in Qq per unit of pulse width based
on the caiculated linear regression flow curve (mg/ pulse/ms).

m -%"w (Eq.4)

4.1.11 SLOPE APPROXIMATED (M)~ AN tion of the injector
flow curve m using the Q, expressed in unus of (mg/pulse) when the
P and PW are equal (see Fig. 4).

(Eq.5)

m, = Q/P
When: Q, = (mg/puilse) and P = PW (ms)

4.1.12 Timz-orrszT (X—The displacement of the calculated linear re-
gfewonﬂowcune&ondnonpnalongmeahamorpuhemdm
Fig. 4).
"?l‘ ;g Fx),ow-onm (Y)=—The of the calculated linear
regression flow curve from the origin aloog the ordinate or Q4 axis

IEim AN



Name of Auid

Purpose of Fluid

Spechic Grovity
at 15.6°C (60°F
(ASTM D 1298}

K OLv. from AEOALEBION or MEAN CUNE

OYNMSC FLOW (mg/puise)

rmz—mummvmmmmm

TRSY RS
——
Nermal tndniene*
{CP Grade) CQeor)
hydrocarbon liquid i gosoiine gamoiine for miscior rests
boiding runge, for mecror hat requre o full-bosing
flow msns n engenesring and
0.681 10 0.48S 0739 10 0.749
0.60 10 0.64 & 0.59 %0 0.65 cS¢
0.418 cps 0.418 10 0.468 s
=1*C Q0N =40°C {-40°N
97.7°C (208°H 24 10 35°C (75 o 95°N
49 19 57°C (120 9 135°RA
98.4°C (209°P) 93 10 110°C (200 » 230D
149 w 163°C (300 10 325°R
L X uvridly, ] 23°C max 415°R
0.001 mex 0007 mex
I
0.001 max 0.00! mex
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0.775 1 0.785

1.195 19 1.208
S
0.94 10 0.96 cps

43C110°n

150°C min (300°R
210°C mam 410°D
00! mex

0.10 max

19 2 pev. 0" l-s:au FROM
[ ]

10 -

]

~10

2 DEV. OF STNCLE INJECTOR FLOW
CTRVE FRON ALGCRESSION LINE (LD)

-1 4 . -
- - v
° 2 . . .
MASE WIS (ma)
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L
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. @ Wien UG
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4.1.14 Frow Ranct (LFR and WFR)~One of the more important
characteriscics of an injector is the usable minimum and maximum fuei
flow. Flow range, specified as a ratio of the maximum to minimum dy-
namic flows, is used as 2 measure of this capability. Two methods are
used for calculating the ratio: LFR and WFR.

4.1.14.1 Lineor Flow Range (LFR)—A number based on the linear-
ized flow curve of a single injector. It is used to compare the linear
range between injectors of different design or manufacture. The num-
ber is defined as the maximum linearized flow point LFR (max) divided
by the minimum linearized flow point LFR (min) at their r ive
puise widths where the measured flows deviate =5.0% from the linear-
ized flow curve (see Fig. 5).

LFR (ma)
LFR = 1FR (mm) (Eq.6)

4.1.14.2 Working Flow Range (WFR)—A number based on the mean
flow curve of a popuiation (24 minimum) of injectors represencative of
2 normali production distribution. The application engineer is interest-
ed in this ratio, since it provides a reiative measure of production injec-
tor-co-injector variabilicy; that is, the flow range where a population of
injectors will be within a specified tolerance. It is defined as the maxi-
mum working flow point WFR (max) divided by the minimum working
flow point WFR (min) where all injectors are within £5.0% of the
mean flow curve at three standard deviations (see Fig. 5).

WFR (max)
~WFR (@) Ea.7)

4.1.15 RerraTanurry—Iideally 2 measure of the pulse-to-pulse flow
rate variation of the injecror. It is an important element from the
standpoint of engine control for emissions. The equipment required to
accurately determine the mas flow for one injection pulse is expensive
and resolution is limited. The following procedure is, therefore, recom-
mended as a compromise:

Thzmmutmdamndardmumpanuonmeﬂow
curve: (1) the Q,, and (2) the 2.5 ms Q, point. A minimum of 30 tescs

uconduaedateachtatpomz.kepuubnhty.gwmmpemt.uthen
defined as:

Q@avwp

I Qi (maw) ~ Q, min)
Static WIW X100 =% Eq.9)

Dynamic Repeatability = wﬁv%——-xwo-%

4.1.16 STABWLITY (S)—S is 2 measure of the variation in injector OT
and CT and is an indirect measure of or re-
penabduy It is determined by using a storage oscilloscope and observ-
ﬁeuuerepraenung:hzOdeCTpetll‘l A umer can also
ba «d to directly measure the elapsed time of the opening and closing
eve ., by triggening it at the initiation of -the injector comtrol puise.
Resolution should be such that variations of 10 us can be dis-
cerned. g and times shouid be recorded for 3 minimum
oflOOOconsecuuvepuh.nddnrmgenudmmﬁg
6 shows a typical measurement of
411707:\1%&;9:&71:1:— e open time (OT) of an
injector is 2 measure time required injector armature to
ﬁmmm:hmfullglopaedwm aﬁcmdf:ednmar-
cuit input. Closing time (CT) is the time the injector
armature to first reach its fully closed Waﬁmhemuonof
the driver circuit puise input. Both and CT are recorded in (ms).
They provide a reiative indication of the combined mechanical and coil
response time. The total time to open and close the injector arifice also
provides a relative measure of the usable pulse width range of the injec-
tor. Fig. 7a shows a typical trace when using 3 pesk-hold driver with an
injector of low R. Fig. 7b shows a typical trace when using 2 saturated
dnmmandmmmm:;hxghl.
method of messuring the opening/ time inter-
vﬂsbytheuaeof:pmmktmmmudmzhm!Scm
of the injector body and a suitable time measuring instrument. The ac-
celerometer may be mounted on either the injectar body or on the fix-
ture as shown in Fig. 8.
Alwmxemnhod&thonghleuucwe.mdudetbeunofadmm-
ic pressure transducer for both opening and closing, the inflection in
opening only, and the inflection in the voltage
trace for closing only (Reference Figs. 6 and 7).

ACCELEROMETER

VOLTAGE

- CLOSING TIME ___|
INSTABILITY

cmzzrr

P B

FIG. 6—~MEASUREMENT OF CLOSING TIME INSTABILIT

4.1.18 Con Resistanct (R)—Measurement of R permits the inject:
user to determine the current requirement for a given system voitag
Presently, injector solenoid designs consist of either high or low res:
tance coils. The high resistance design is typically 12 to 16 Q and use
with a saturated circuit driver. The driver turns battery voltage on an
off allowing to be coatroiled by the R. The low resistance di
si| n!ypumdaandumammhmungdnm This syster

a peak current for rapid opening response followed by a lowe
current level, called the hold currem, for the remainder of the com

mmmmuchmubydxmmmtmd
the injector at a uniform temperature of 20°C = 1. The four-wir
method is preferred. A two-wire messurement is acceptable if measur
ing leads are zeroed. The unit of measurement is to be the chm witk
a messured accuracy of £0.01 Q.

4.1.19 Cown. Inpuctance (L—The inductance of an electromagnetic
Muaﬁmd&em&rdmn&cwtmoﬂmdmd
the permeance magnetic circuit. Inductance is an indirect mea-
sure of the material properties and geometry of the flux path. [us vaiue
is, therefore, meaningful as 3 control parameter.

Inductance, together with R, provides the time constant when the
mukmmdunbeundmpndmg:hemmlmmtna

The recommended method of measurement is with the injector in
the closed or using 3 Wheaistone Bridge or equiv-
Mm“ﬁpﬂmmmm The standard test frequen-
cy used is 1.0 KHz + 0.5% with 3 potential of 1.0 V rms. The unit of
messurement is the millihenry with 3 reported resolution of =0.01
mH.
4.1.20 Sreay PATTIRN AND DisTRIUTION —One function of the fuet
injector vaive is to break up the fuel into fine dropleus. The enine’s
combustion process requires vaporization of the gasoline for proper
combustion. Fine muun:hemﬁaamwvolumenuoof
the , which reduces the time for the gasoline to vaponze.
mmudolmemypmdumumpommforau
typuofﬁadmmm?hewpmmeufuehoopu-
mize transporcation and vaporization. The radial and segmentai fuel
distributions are the charscteritics specified to define the spray pat-
tern.
Mukipoinc fuel injector designs can have single or multiple sprays
with varying cone angies. Sprays less than 8 deg included angie are nor-
mally referred to as pencil stream. The larger spray cone angles range
from 8 to 30 deg included The spray cone tuel disthbuuon can
be hollow with the majority of the fuel in the outer cone surface or soi-
xdvuha&nrlyunﬁaudmbumdfudm:heconemgle
Throtte body fuel injectors typically have & hollow spray cone pat-
tern ranging from 40 to w&'mhdedangie The sprav cone angie
the fuel with respect to the throttie plate.
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Radial spray characteristics are defined by the included angie and the
distribution of fuel within that angie. The test fixtures shown in Figs.
9-14 illustrate the recommended method of measuring the spray cone
angie and distribution of fuel within the pazern as measured in still air.
The spray cone angle for a hollow spray cone pattern is defined as the
included angle where the maximum concentration of fuel spraying
from the injector is contained (Fig. 11). The spray cone angie for 2 sol-
id spray cone pattern is defined a3 the included angie where 95% of the
fuel spraying from the injector is contained (Fig. 12).

The collecrion vessel used to measure spray angie (Figs. 9 and 10)
consists of eight concentric circular chambers. The walls separating the
chambers are 15 mm high and have a tapered leading edge to minimize
rebound of the spray.

A pencil stream injector does not distribute liquid into a cone of sig-
nificant angle. This test fixture is, therefore, i riate for testing
sprays of less than 8 deg included angle and should be replaced by a
high-walled vessel to reduce spray rebound.

The collection vessel used to measure spray distribution (Fig. 13)
consists of six equally spaced wedge shaped chambers separated by 15
mm high walls with tapered leading edges. Fig. 14 shows 2 recommend-
ed method for mounting the injector, spray collectors, and burettes.

Specifications for testing spray cone angie and fuel distribution for
other type: of systems are not discussed since these systems are still un-
der development.

4.1.20.1 Spray Measurement Procsdure:

a. Tests to be conducted with n-Heptane as the control fluid.

b. Tests to be conducted at pressure specified by application.

¢. Tess to be conducted both at the dynamic set point pulse width
and Q,.

d. The coilection vessel must be located below the point of origin
of the injector’s spray cone angle as indicated in Table $ and
Fig. 10. This distance is determined

the injector’s mounting surface datum.

e. The fuel injector must be centered over the collection vessel.
The centerline of the injector mounting diameter datum must
be held to within 0.025 mm of the true position of the concen-
tric ring coilection vessel’s centerline.

f. To provide repeatable readings, the test fixture must be thor-

oughly wet down by pulsing the injector 2 minimum of 10 000

pulses. The fuel may be collected from the fixeure drain holes in

burettes for volumetric comparison or weighed for mass compar-

ison.
g- The distribution of fluid for spray angle and radial distribution
shail be defined by the user.

DISTANCE

PER CUSTOMER
APPLICATION
REF. TABLE III
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4.1.21 ExTERNAL LEARAGE—No visible fluid leakage at working pres-
sure is permitted in any area other than the seat. This includes the
body, its seals, and the external O-rings.

The injector seat generally
rability reasons. A leak tight interface is required between the mating
surfaces of the injector valve seit components to mainuin fuel pres-
sure, prevent abnormal fuel accumulation in the intake manifoid, and
reduce it formation at the injector orifice. Seat leakage mav resuit
in a leaner or richer A/F ratio depending on such vaniables as ieakage
rate, temperature, and soak period.

Loss of pressure during extended periods of engine shutdown under
hot ambient conditions may cause excessive fuel vaporization and incor-
rect fuei delivery during start-up. The increased time required to
achieve desired rail pressure in combination with vapor entrained in
the fuel delivered can result in increased cranking time, rough idles,
stalls and/or 2 no-start condition.

Fuel leakage into the intake manifold may cause a richer than normal
A/F ratio during start-up. Engine emissions may be adversely affected
under these conditions. Even slight seepage may increase deposit for-
mation at the metering orifice of the injector. its so formed can
partially plug the orifice and reduce the fuel delivered, which adversely
affect both vehicle emissions and driveability (see 5.4).

Seat leakage can be specified as either a test fuel leak rate or a gas
leakage rate. The preferred method is the use of dry nitrogen as the
test medium.

4.1.21.1 Seat Leakage Test Procsdurs—The injector must be in 2
clean and dry condition in order to obtain an accurate repeatable leak-
age test. All liquid test fluid contained in the injector must be removed,
since 2 nonexisting tightness is simulated if the seat is moistened.

4.1.21.1.1 Drying Procedure—

a thuh injector with n-Heptane per preconditioning procedure
$.9.5.

b. Apply dry nitrogen at 60 kPa to the inlet of the injector with
the tp pointing down.

¢. Dry injector by actuating at 2 PW of 2.5 ms and 5.0 ms P for
a minimum of 6000 puises (30.0 s). -

d. Orient injector with tip pointing u|

e.DryinjecwrapinforPSO.Os:ﬁn:.dryni at 60 kP2
while the injector is actuated at 2.5 ms PW and 5.0 ms P.

4.1.21.1.2 Measurement Procedure—

a. Measure the leakage rate using any highly sensitive gas voi-

ume sensor. An acceptable is to immerse the injector
with its tip pointing up into a conuiner filled with mineral

Spints or equl ]
b. Suspend the mouth of a graduated cylinder previously filled
with:esﬂuidabcvethe?oﬁheinjeaot.
c. Apply dry nitrogen at 20°C = 1 within 2% of system pres-
" sure to the injector inlet for 5 min with the injector valve seat

closed.
d. The collected bubbles represent the injector air leak rate.
The issible leakage is dependent on the application (nor-

maily less cthan 1.5 cc/min).
4.1.22 OreaaTING VOLTAGE RanGI—Under certain circumstances,
such as cold engine cranking, normal operating i i
high resistance injectors as the coil current is directly proportional o
the available voltage. Low resistance injectors are not as sensitive to
lower battery voitage due to the current limiting driver circuit charac-
teristics (Fig. 15).
4.1.22.1 Static Minimum Operating Voltage (SMOV)—This is the volit-
age, measured at the injector electrical connector, at which the injector
opens as determined by an accelerameter or other sensing device capa-
ble ~ ing the commencement of fluid flow.
. 1.22.1.1 Test Procedure:
4. Mount the injector in the test fixture under the standard test
b. While meshuring che vol
i ing the vol at the electrical connector, raise
mm%mo.nwmmmom
¢. Record the voltage when the injector opens.
4.1.22.2 Dynemic Minimum Operating Voltags (DMOV)— This param-
eter is 2 measure of the fuel injection systems response to low voltage
conditions. The driver circuit has a significant effect on the injector re-
sponse characteristics; therefore, the driver circuit as used in the vehi-
¢le must be used. :
4.1.22.2.1 Ten Procedure:
a. Mount the injector in the test fixture under the standard test
conditions per Section 8.

has metal-to-metal sealing surfaces for du- |

b. Using the driver circuit from the vehicle application, raise the
supply voltage to the driver in steps of 0.10 V starting at the
SMOV. The logic pulse to the driver is to be 2 period of 20.¢
ms and 2 PW of 10.0 ms. A minimum of 1000 pulses are o
be supplied at each step.

¢. Measure the supply voltage and the injector flow rate at each
step point.

d. The DMOV is that voltage at which the flow rate exceeds
50% of the flow at 14.0 V.

This test may also be modified to generate a voluage compensation
curve for the system by continuing readings bevond the minimum
opening point and using other PWs to create the family of curves simi-
lar co those in Fig. 15.

4.1.22.3 Mammum Overload Voltage—The injector must maintain
calibration after a maximum of 24.0 V is applied to the driver for a pe-
riod of 60 s. This test is intended to simuiate an incorrect jump sart
condition.

The injector and driver are tested 2s an assembly with the injector
operating at Q, and system pressure. Test voltage must not be applied
directly to the injector terminals for may occur.

4.1.28 StaTic PulLinN CurrenT (I/S-ON)— [/S-ON is the minimum
current required to actuate the injector from the ciosed to the open po-
sition. It can be used to calculate the SMOV if multiplied by the R and
can be useful information in diagnosing functional problems and de-
signing of injector driver circuits.

The recommended method of measurement is to increase current to
the injector in 2 saircase waveform with a siep height of 1.0 mA and
a width of 10.0 ms until the injector opens as indicated by an acceler-
ometer siglnal or other sensing device capable of detecting commence-
ment of fluid flow. The injector must be mounted with the nozzie
pointing downward and with pressure applied to the iniet. Surt
test at 90% of anticipated 1/S-ON current to avoid overheating cthe n-
jector. .
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4.1.24 StaTic Drorout CURRENT (I/S-OFF)—1/S-OFF is the mini-
mum current required to hold the injector open after it has been ener-
gized. It is used to determine the hoiding current aalibration of the
peak-hoid driver

The recommended method of measurement is to apply sufficient cur-
reot to assure that the injector is in the open position and then to de-
crease the current in a staircase waveform with a step height of 1.0 mA
and a width of 10.0 ms until the-injector closes as indicated by an accel-
crometer signal or other sensing device capable of detecting cessation
of fluid flow. The injector must be mounted with the nozzie pointing
downward and with system pressure applied to the inlet.

The [/S-OFF is always lower than the 1/S-ON because the solenoid
air gap is smaller by the amount of the stroke, which will yield higher
magnetic forces for any given current level. The drop-out current is
generally measured immediately following the pull-in current measure-

4.1.25 Pressurr Dror Ratio (PDR)—A ratio of the fuel pressure
drop across the metering orifice of an injector compared to the fuel

drop across the valve seat.

The PDR is useful in evaluating the sensitivity of an injector design
relative to the metering of hot fuel. Calculations can be made to deter-
mine if fuel exiting the metering area of the injector will vaporize if the
PDR, fuel iniet pressure, fuel volatility, and maximum application tem-
perature are known. This assumes that the valve/seat and the metering
orifice are the primary restrictions to flow. If additional significant
premure drops occur within an injector design, they must be accounted
for before any hot fuel handling predictions are made. Since an injec-
tor is designed to meter 2 liquid, fuel vapor cannot be accurately me-
tered and steps to minimize this condition should be waken.

4.1.26 InsutaTion Resistance (IR)=—This tex is designed to check
for a potential failure of the insulation between the coil assembly and
the case of the injector. It is usually performed on completed injectors
to ensure that the coil insulation has not been during the as-
sembly proress and that the terminal 1o case clearance has been ade-
quazely maintained. IR is also measured after any mechanical integrity
testing to ensure that the insulating abilities of the injector coil assem-
bly bave not been degraded.

In mom existing applications. 2 positive battery voltage is continuous.
lyapphedzooneofthemjectortermmahandtheumxu by
completing the ground circuit. In 2 situation where the IR breaks
mmem)mormubetmmnnwﬂyencrguedmdﬂoodthe

engine. On systems that energize the unit by providing the positive
volugethroughthedmrer breakdown can cause the injector to misfire
or pot fire at all depending on where the coil assembly is shorted.
4.1.26.1 Test Procsdurs—Connect 2 standard megachmmeter tes-
ter, set to 750 V DC, between the injector case and a coil terminal post.
The minimum allowahie resistance reading shall be 340k £ after 2 s.
5. Application Related Parametors and Tests
5.1 Injector Driver—An electronic circuit that supplies voliage
pulses to an electromagnetic fuel injector for a precise increment of
time and at a given rate. The accuracy of these pulses and
their repetition is normally £0.001 ms. The driver and the
saturated driver are most commonly used by the industry for vehicle
tions.

5.1.1 Prax-+oLo Duves—A driver that uses two levels of current to
opaaezhemm(l-‘i 16). The driver circuit bantery volage
to the injector current 1s reached. The cur-
rentuchenreducedandheldaalwckvdfuthedunuonofme
PW. This type of driver is used with injectors having low re-
sistance coils (typically around 2 ). The accuracy of the driver peak
current level (I;) and the hold current level (1) is held to £0.50%.
Note—In order 1o minimize OT instability, it is advissble to macch the

ADVANTAGES: The high pesk
and the low hold curremt minimizes CT re-
sponse. This method of control results in an in-
creased linear range of injectar operation.

DISADVANTAGES: Heat is primarily at the driver. Cir-
cuitry is more complex than that of the saturat-
ed driver.

5.1.2 SATURATED Drivir—A power transistor driver that turns fully
on for the entire duration of the injector PW (Fig. 17). This type of
is used with injectors having high resistance coils (typicaily 12 1o
16 Q) or with injectors having low resistance coils in combination with
a ballast resistor. .

ADVANTAGES: Hest is primarily dissipated through the injector
or ballast resistor and not at the driver circuit.
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FIG. 16—TYPICAL INJECTOR CURRENT WITH PEAK-HOLD
DRIVER

cmtmn'

L

TIME —-

FIG. 17—TYPICAL INJECTOR CURRENT WITH SATURATED
DRIVER

Circuitry is simplified compared to the peak-
hold driver.
DISADVANTAGES: The inherencly slower dynamic response of this
system decreases the injector’s usable flow
The Q of an injector used with this type
of circuit is more duty cycle sensitive due to
heat dimipation considerations. This driver's
inductive which may be resistance-
or zener, significantly affects the
s Qq rates due 1o variations in the cir.
msmdeavnn.‘l‘hudaay results in
of the injector’s closing time
5.2 mw—wwwmmnmﬂzd driv-
ers are used in various strategies. Three commonly used schemes
are simultaneous double fire, sequential single fire, and aiternating
double fire (see Fig. 18).
5 2.1 SimurTANZOUS Douses Fimmx (SDF)=—A nmlnpmm fuel delivery
rechmique 1n which all i m;eaors in 3 4<cvcie engine are energized simui-
taneously once per crankshaft revolution.
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5.2.2 SeQuEnTIAL FurL INjcTION (SF— A multipoint fuel delivery
technique in which each injector is individually energized and timed
relative to its cylinder event. Fuel is delivered to each cylinder once per
two crankshaft revolutions in 4-cycle engines and once per crankshaft
revolution in 2-cycle engines.

5.2.3 ALTEaNaTING Doustt Fine (ADF)—A multipoint fuel delivery
technique in which the injectors are energized in groups once per
crankshaft revolution.

5.3 Operating Temperature Range—This procedure is designed
10 evaluate injector performance when exposed to thermal conditions.
Injector performance data is taken both before and after the pre
scribed thermal cvcle to determine if any degradation has occurred as
a result of the experienced temperature extremes and/or temperature
cycies. Performance data for this test shail include, but not be limited
0, Q. Q. IR and fluid leakage. The acceptable performance limits and
the temperature levels used during testng are determined by the vehi-
cle application.

5.8.1 HoT StaTic Soax-—Purge all fluids from the injector and ex-
pose it to a stabilized ambient temperature of 150°C = 2 for 16 h. The
injector is not operated during this test.

5.3.2 Cotp STaTic SoAx~Purge all fluids from the injector and ex-
pose it t0 2 abilized ambient of —40°C = 2 for 16 h. The injector is
usuaily not operated during this test.

5.3.3 CvcLic Soax—Expose the injector .0 the hot themocyde
shown in Fig. 19 for a total of 140 cycles. The mjector is to be
tional only during segment D-E of the cycle, using 2 PW of 2 ms and
apenodof?ma.'l‘hetstshn!lbemnm&hmdolene

5.4 Injector Fouling in Service—Fuel injectors must retain their
calibration while in use in order to remin satisfactory engine perfor-
mance, driveability and emission control levels. Cleanliness of the injec-
tor metering orifices and spray-forming nozzles must be maintained in
order for initial calibration to be dependable after extended use. Be-
cause this elementary requirement has not been uni achieved,
fuel injected engines of today require careful choice of fuel supply, ad-
dmveumorpmodmmpaorchmngmachmpermem
flow stability.

A variety of injector design to maintain calibration on
“problem” fuels are being investigated as this document goes to press.
Cmen-grifice injectors may maintain calibration better than annular.

“wce types. All designers of injection systems today must ensure that

iar products are supported by a plan that will secure dependable op-
eration by the users.

The major location of injector flow restriction due to dire or deposit
accumulation is in the tip area of high pressure multipoint electronic
injectors. Umableguohnac:n.xnnnluuopatydnvmg.buddup
varnish-like deposit on the injector tip. These deposits reduce fuel flow
through the annular orifice and cause lean engine and ail the
attendant driveability faults. The faulty operation persists undil the in-
jectors are cleaned or

Cleaning of injectors in service can be with in-tank ad-
ditives to fuel, bywheut«mngof:mlkdmmorbyulm
cieaning of removed injectors.

Fuel chemistry can stop or reverse depasit accumulation in the injec-
zornparea.Guolmamthhwoleﬁnm(uproduecdfmmreﬁn-
eries with no units) seem immune to the problem. Gasoline
with substantial levels of cracked or polymer components require care-
ful additive treatment with t-dispersant chemicals to maintain
injector cleanliness. Higher levels of these detergent-dispersant addi-
tives can reverse deposit buildup in service and clean injectors, which
were deposit-restricted on other fuels. Some marketers in the
United States identify such injector-cleaning gasoline formulations at
the point of purchase.

;mn&m%hmﬁmumma:gm>fn

/ >0.1 injectors regardless or-
M‘H@m«mﬁyﬁ‘;‘umpnmmmmum
wmpaoroffouhng-mmmdsxgnmyhereqmred.

Salt Corrosion—This test i to be applied to gasoline injectors
toememweymmm&mdamdnhcom
which is likely 10 be encountered on seaside marine tions and

road conditions (Reference ASTM B 117-83).

5.5.1 Trst Procapuns:

a. The injector shall have its inlet and outlet suitably sealed. The
injector is to have its electrical connector fitted; however. it »
not to be energized.

b. Samples shall be supported or suspended between 15 and 30
deg from the vertical, with any significant surface parailel 1o
the principal direction of fog flow.

TEMPERATURE (°C)

CyL

CrL

#1 d X N
SIMUL TANEOQUS
.3 o W 2]
DOuBLE
%4 = °y ol 7]
FIRE
r2 » =y - ST T
| A
L T Wi 13- 2 W L DL |
SEQUENTIAL
»3 N = c Ak
frral SINGLE
#a [ T T lrwcrm
FIRE
"2 St aN

CyL

R < am ior:m v A
ALTERNATING
RS o e )

DOUBLE
DT - . s e e
FIRE
2 [CUERT g;-‘ TN ] E.‘zh ]
I -IGNITION

B2 -FUEL INUECTIC

FIG. 18—PORT FUEL INJECTION FIRING STRATEGIES

2 .
REPEAT
130 CYCLE
D E
“A
0 43 0 120 180

FIG. 19—~THERMOCYCLE TIME SCHEDULE

&Smpleshllbenlan”mfmnu:hocherand!sm
from a chamber wall.
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Inspect the sampies operation chamber as requi
Opening of the chamber shall be limited to the frequency nec:
emary 0 carry out the operations. should not be
madem:hnmadayforawnloflsm Position of

be varied

the samples may during the inspection penod.
f. Remove the samples, wash gently in water not warmer than
38°C, and dry by blotting with absorbent paper.



5.5.2 CoRROSION AssesSMENT~—Each injector tested shall be examined
immediately after testing. The degree of corrosion shall be visuaily as-
sessed in accordance with 5.5.5.

Each injector tested shall meet the performance requirements de-
tailed in 5.5.4 prior o and after the completion of testing.

5.5.8 Surract CoRRoSION AND BLISTERING~For the purpose of this
document, a “significant surface” is defined as an area designated to be
coated that can be touched by a 6.35 mm diameter bail.

Any spots of red rust on a significant surface shall be cause for rejec-
don. Rust spots on surfaces, which cannot be touched by 2 6.35 mm
ball, shail be noted but will not be cause for rejection.

Any blistering of the coating shall be noted as to location on the sam-
ple piece, blistering size, and number of blisters. Blistering on signifi-
cant surfaces shall be cause for rejection. An excess of three blisters of
1.0 mm diameter on surfaces, which cannot be touched by 2 6.3 mm
bail, shall be cause for rejection.

5.5.4 Prarormance AssessmenT—Each injector shall be tested for Q,
(4-1.9), Q (4.1.4), IR (4.1.26), R (4.1.18), and leakage (4.1.21) prior to
and after completion of corrosion tests. Q, and Q deviation shall be re-

as a percentage (Reference 5.9.9).

5.8 MNuid Compacibility (External)—This tex is to be applied to
the external surface of a gasoline injector, exciuding external O-rings,
to ensure the external surfaces can withstand contact with common au-
tomotive fluids.

5.6.1 Trst FLuis—It is not practical to evaluate all variations of test
fluids, therefore, agreed reference fluids are employed in testing. The
most commonly used fluids are lised as follows:

A reference fluid is defined as a material representative of its particu-
lar group, which is sufficiently well defined in all respects so that sup-
plies from different sources are essentially identical in action for which
the test is intended (Reference ASTM D 471-79).

ANTIFREEZE 50%—Shail be an ethylene glycol based material 23
described in SAE [814 mixed with an volume of water.

G:nUJﬂOMAﬂC TRANSMISSION PLUID—Shall be Dexron 1I
{ Motors Registered Trademark) or equivalent.

AXLE AND MANUAL TRANSMISSION LUBRICANTS-—Gear
OsilooAPl-GL-s as described in SAE JSO‘OO. (Viscosity as defined in SAE
J may be specified at the option of the test engineer.)

BATTERY ELECTROLYTE—~Shall be reagem sulfuric acid
diluted with water to a specific gravity of 1.25 to0 1.28.

BRAKE FLUID-—Is a mixture of polygiycols and cellosolves con-
forming to DOT-3 of 49 CFR 571.116.

BUTYLCELLOSOLVE—Technical 3

DIESEL FUEL (NO. 2)—As described by SAE ]318. The fluid shall
have an ‘Aniline point of 60 1o 70°C. It is preferred that emissions-

diesel fuel conforming to 40 CFR 86.113-82 be used.

ENGINE OIL—Shall be ASTM Reference Oil No. 3.

INDOLENE—Shail be US EPA emiwion data fuel.

GASOLINE AND 20% METHANOL-—Shall be 20% v/v resgent-
grade methanol added to gasoline.

GREASE (LITHIUM SOAPF BASED)—Shall be an extended-
lubrication-interval grease as described in SAE J310. When tested w0
ASTM D 128, it shall conuain not less than 4% by weight Lithium (12-
Hydroxysiearate type).

MINERAL SPIRITS—See Tabile 2.

1,1, 1-TRICHLOROETHANE-~Shall meet the requirements of Mil-
itary Standard MIL-C-81588.

HIGH PRISSURE PULSED WATER-—High presure pulsed wa-

ter, as found in commercial car washing machines, is to be sprayed over
the exterior surfaces of the injector for 13 5. NoTr: Last step of 5.6.2
does not .

STm‘PplyCL!ANING—Sm- as found in commercial

equipment, is to be sprayed over the exterior surface of the injector for
15 s. Not: Lat step of 5.6.2 does not apply.
5.6.2 Test Proczoust—Testing an injector with one fluid followed
by another fluid is 1o be avoided.
a. Each injector shail have its inlet and outlet suitably sealed.
The injector is to bave its eiectrical connector fitted; however,
it is not to be energized.
b. The injector shall have its exposed surfaces dampened either
by spraying or brush application and allowed to sand for 24
h.

¢. On completion of the 24-h period. the injector shall be de-
using 1,1,1-Trichloroethane or equi

equivalent.
5.6.5 AsszssmNT OF Rusuits—Each injector tested shall be exam-

ined immediately after testing. The external surface condition shail be
visually assessed in accordance with 5.5.3.
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Each il’lj«lﬂf tested shall meet the lormance requimu de-
tailed in 5.5.4 prior to and after the co:;fledon of testing.

5.7 Fluid ¢ ‘ (Internal)—This test is used to determine
the compatibility of internal fuel injector components with fluids simi-
lar to those that may be found in the vehicle's fuei system.

5.7.1 Test FLUIDS—It is not practical to evaluate all test fluids,
therefore, agreed reference fluids are emploved in this test. The most
commonly used fluids are listed, ’

A reference fluid is defined as a material representative of its particy-
lar group, which is sufficiently well defined in all respects so that sup-
plies from different sources are essentially identical in action for which
the test is intended (Reference ASTM D 471 79). .

WATER/GASOLINE SOLUTION—-Mix by voiume, 98% unicaded
gasoline and 2% corrosive water. Corrosive water is a solution formed
by dissolving the following amounts of anhydrous sodium salts in one
liter of distilled water at 40°C to aid the mixing:

Sodium Sulfate 14.8 mg
Sodium Chioride 16.5 mg
Sodium Bicarbonate 18.5 mg

GASOLINE AND 20% METHANOL—Shall be 20% by voiume re-
-grade methanol added to unieaded gasoline.

GASOHOL—Shall be 10% by volume reagent-grade ethanol added
to unieaded line.

BUTYLCELLOSOLVE—Shall be 5% by volume technical-grade Bu-
tylcellosoive added to unieaded gasoline.

OXIDIZED GASOLINE (Sour Gas)—Shall be mixed by the foilow-
ing procedure to achieve a ide number of 180 millimoie/liter:
a. Stock Fuel—Mix 70/30% by volume n-Heptane/Toluene

b. Copper lon Stock Solution—Due to the hazardous nature of
these chemicals, the solution must be prepared sequentially in
the following three steps:

Notz: FAILURE TO FOLLOW PROPER PROCEDURES CAN RE-
SULT IN FIRE. REFER TO OSHA MATERIAL SAFETY
DATA SHEETS FOR ADDITIONAL INFORMATION:

(1) Add 10 mL of 12% copper ion cancentrate solution to 990
mL of Stock Fuel,

{2) Add 100 mL of the solution from Step 1 10 1040 mL of
Stock Fuel.

(3) Dilute 10 mL of the solution from Step 2 with 990 mL of
Scock Fuel.

c. Peroxide Stock ‘S:’l:non—alzgme $35 mL of 90% by weight ¢-
bueyl ide with mL of n-Hepuane.

d. Test &dmpero tion—Dilute 60 ml of Peroxide Stock Solution with
10 mL of Copper lon Stock Sohition and 930 mL of Stock Fuel.

5.7.2 Test Proczoure:

1. A new injector must be used for each test fluid.

b. Precondition per 3.9.3. '

c. Submerge the injector in the solution for 30 days at room tem-
perature with the inlet port orientated in a manner to keep the
injector full.

5.7.3 Asszssuant or RisuLTs—Each injecror tested shall be evaluated
under standard test conditions (per Secuon 3) and performance mea-
sured per 5.5.4 prior w0 and after compietion of the tests.

53 Tests—Fuel injectors are subjected to various me-
chanical loads. These ioads occur during manufacturing. testing, han-
dling, and installation in the vehicle fuel system. During actual vehicle
service, the injector is also subjected to various shock and vibrational
loads. The purpose of physical testing is to ensure that the injector’s
flow performance, electrical characteristics, and absence of leakage will

in within specification after being subjected to these types of
forces. »

5.8.1 Test Frxrure MOUNTING—Axial load. bending moment. and
torsional loads are applied to the inj ing insallation and re-
moval to overcome the resistance of or elastomeric mem-
bers used far the purpose of sealing, thermal and mechanical isolauon,
and compensation for part variations. They are also subjected to loads
resulting from mounting the fuel ruil and/or rewining the injector.

On most designs, the upper half of the injector contains the elecincal

to the inj pushing twisting w a

i hnlrg: ?mm dm&-;lll‘nu mﬁ:e all

injectors because of the variety of injector designs and mounting meth-

i must take into account the specific injector de-
The loads and fixtures used may, therefore, neces-

5.8.2 ASSESSMINT or PIRrFoRMANCI~— Reference 5.5.4.
5 8.9 AxiAL Tist Proczourt—The inj shall be mounted 2

suiable fixture per the application requirement (Fig. 20) and subjected
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FIG. 20—AXIAL LOAD FIXTURE

to a force (typicaily 600 N) applied along the longitudinal axis of the

injector.
5.8.4 TorsionaL Mournt TestT Procxourz —The injector shaill be
mounted in a suitable fixture with the body fixed (Fig. 21) and a tor-
sional moment (typicaily 0.6 Nm) applied to both ends for 5 s about the
longrudinal axis of the injector.
5.8.3 Banpinc MomenT—The injector shall be mounted in a suitable
fixeure (Fig. 22) and subjected to a bending moment (typically 6.0 Nm)
for s
5.2.9 VisnaTion Test Procuourz—Cap the injector inlet and outlet
withche}njec;crﬁ:ﬂoﬁa&id.&lm:heinjminnvihﬁonm
fixeure (Fig. 23) that b applicarion ing. Vibrate the
injector in each of :hewthrm 3 mmm vertical).
The vibration schedule is to be random with the frequency controlled
over the range of 5 to 2000 Hz, based oa the actual vehicle application
Test duration is to be per the customer i and may be accel-
i per jom vibrati ” Mili Standard
Slmbymmmcpwummmuwve
hicle data acquisition. Vehicle data collection should encompass any
conditions that worst customer
5.8.7 Smg’rwhocmuu—(‘ap:he:;mm' mﬁhmdoulu‘mh
the injector full of test fluid. Mount the injector onto a shock test
fixture that duplicates the application mounting (Fig. 29). Perform im-
pacts at 30 G's input load for 2 duration of 11 to 14 ms, six times with
the injector in the vertical position (valve tip pointing downward) and
six times with the injector in the horizontal position. )
5.9 Bench —This procedure defines a2 uniform test for
evaluating the minimum acceptable durability level of a given gasoline

fuel inj
are to be cycled with

5.9.1 Fuusiing Procourt—All test
test fluid for | min at 2 PW of 2.5 ms and a period of 5.0 ms.

SPLIT SUPPORT

5.9.2}_I~11u_.-rml Test ConpiTions:
3. Fuel Temperature Test Ran 17 w0 30°C
b. Fluid—Indolene =
¢. Fluid Condition—A fresh supply of fluid is to0 be used at the
start of every tes, and changed at every 100 x 10% cycles of test
(approximately 139 h)
d. Pressure—Determined by appliction
e. PW—=25ms
f. Period—(repetition rate)—5.0 ms
g- Duration: Subject to application
Typical PF1 600 x 10° pulses
Typical CF1 900 x 10* pulses
5.9.3 Prarormance Cutenia—The test samples shail be evaluated
for the following flow criteria:

a. Percent Static Flow Shift

End of Test Flow ~ Scart of Test Flow
Start of Test Flow

b. Percent Q, Shift at 2.5 ms PW and 10 ms Period (clculated
same as above)
¢. Leakage Specification——All test samples must be evaluated for
leakage as specified in 4.1.21.1.
5.9.4 FazQuincy or Prrrormanca CHecks —The test samples shall be
evaluated for the above criteria at least prior to the start and on com-
pletion of the test schedule.

X 100 = % Stuatic Flow Shift

T
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]
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F1G. 21 —TORSIONAL LOAD FIXTURE
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FIG. 28—SHOCK AND VIBRATION FIXTURE
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New Designs/First Piece Samples will require additional flow test
poinus during the accumulation of test cycies. See the recommended
flow schedule for such cases as follows: o

Cydies
25 2 10° Cydes
50 x 10° Cydles
100 = 10° Cycles
Comirue ot 100 z 10* Cydle
intervais unnl end of rest

5.10 Hot Lean Shift—Fuel injectors exhibit varying degrees of
“hot lean shift” when operated at high temperatures. rAy; gxxreme con-
dition will usually occur in hot weather after a running engine has been
shut down for about 30 min and then restarted. Both the injector and
fuel temperature will rise during the “s0ak” period, causing reduced
flow rates after the restart. The injector flow rates will gradually recov-
er to normal levels as temperatures drop to a stable operating range.
The magnitude of the lean shift is reiated to the injector design, fuel
system components, injector’s environment and the fuel characteristics.
The degree of lean shift and its effect on driveability are best evaiuated
in a running vehicle. Fig. 24 illustrates the observed hot lean shift and
the gradual recovery to stable conditions for three injector designs.

SA

I LEAN FLOW SHIFT

0

TIME FROM RESTART (min.)

FIG. 2¢—HOT LEAN SHIFT

6. Test Equipment

The purpose of this section is to provide basic information on test
equipment used in measuring fuel injector performance characteristics
according to the specifications described in Sections 4 and 5. Recom-
mendations are given for the design of the test flow head and hydraulic
circuit for the bottom and top feed injectors, instrumentation resolu-
tion, and driver board connections.

The test equipment must be capable of precisely testing various elec-
tronic injector designs, preferably in mass flow units. The equipment
and inswailations must be in compliance with all applicable fire and safe-
ty codes and regulations.

6.1 Hydraulic Systam——To assure that the test stand is versatile
enough to evaluate the various injector design characteristics. the hy-
draulic sysem should be capable of operating with n-Heptane, Indo-
lene, and mineral spirits as specified in 5.1. The recommended hydrau-
lic system plumbing diagram is shown for a bottom feed injector in Fig.
25 and for a top feed injector in Fig. 26.

The tes fluid pump must be capable of delivering 20 g/s of test fluid
at a stable pressure of 700 kP3 to the inlet of each injector. The test”
fluid filtering system must be 5 um absolute or better. The test stand
must be equipped with 2 heat exchanger to assure that the test fluid
temperature is maintained constant within £ 1°C throughout the test.
To assure that the required accuracy to messure injector performance
is met, the test fluid pressure regulation system must be capable of con-
trolling the inlet test fluid pressure to the injector inlet with an accura-
cv of 20.10 kPa in the range of 40 to 300 kPa. To eliminate anv effect
of the fluid head on injector inlet pressure, the pressure measuring de-
vice should be mounted in the same horizontal plane as the injector in-
let. To minimize the effect of fluid pressure pulsations caused by the



flow head. The trapped air test head for use with bottom feed injecrors
is shown in Fig. 27 and that for the top feed injectors in Fig. 28. The
air pocket must be precharged to maintain a minimum air vol-

ume of 30 cc at fuel system pressure.
Table 4 summarizes the test equipment resolution required to
achieve the desired accuracy of the reported data and control variables.
6.2 Electrical—The wiring diagram for the injector, injector driv-
er, and power supply is shown in Fig. 29. Because of the different injec-
tor drivers used in the automotive industry, it is recommended thae the
test stand be equipped with an interchangeable (plug-in) type driver
board, 4-1/2 x 6-1/2 in with the numerics on the component side (see

Fig. 30).
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. - D -

FIG. 25—HYDRAULIC SCHEMATIC FOR BOTTOM FEED
INJECTOR
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———
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FIG. 26—HYDRAULIC SCHEMATIC FOR TOP FEED INJECTOR
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TASLE 4—FLICTROMK FURL INJICTOR TEST EQUIPMENT MEASURIMENT ACCURACY

INJECTOR 6L Ve wAVEFOR®N
INJECTOR 62 Ve wAVEPORMN

INJECTOR ®% Ve~ wAVEFORR
INJECTOR 82 v= wAVEFORN

REPOATED FQUIPMENT
SuaacTeasnc RSOWNON oLwnon CoNTROL
Yolloge Across inecior Terminal
(vole _ XXX X
Tont P 20.005 20.01
+ Prossure AW. XXX.X =0.08 20.10
* Temperowre {°Q) xx 20.08 1.0
* Spwcific ] X XXX £0.0008
* Kinemanc Viscosity (¢St} X. XXX 20.0003
Stasc Puil-in Curremt (omos) XXX £0.001
Static Orop=-Out' Currem (amps! XXX =0.001
Injmetar Coil Resistonce (ohms) XXX =0.005
Inchucronce (mi) XXX =0.008
Opening Time (ms) X.XX 20.005
Closing Time (ms) X.XX =0.003
Ambient Room Temperonsse {°C) XXX +0.08 230
Min Opening Yoltage (voins) XXX +0.008
Puse XXXX £0.008 =0.001
{ = 0.01 10 99.99 mg)
wod (me} XXXX £0.005 £0.000
(Ronge - 5.0 10 99.99 ms)
Waight of the Test Fuid (g} XXX 20.008
Oynomic Fow (mg/pulse) XX.XX Caladeved
Stmiic Flow Rate (g/s) XX.XXX Colodleted
POWER Be | — POUER B
POMER o SENAR 2 —— POwER Be
INJECTOR 01 POSITIVR 3 —— INJECTOR @F POSITIVE
INJECTOR 9% POBLITIVR 4 INJECTOR @1 POSITIVE
INJECTOR 02 POSITIVE s INJECTOR #2 POSITIVE
INJECTOR €2 POBITIVE N INJECTOR 02 POSITIVE
?
[ ]
*

INJECTOR 81 LOBIC S 1IN
INJECTOR 02 LOBIC JL IN
INJECTOR o1 LOGIC LI IN
INJECTOR 82 LOBIC = IN

INJECTOR 61 e wAVEFORR
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IMJECTOR 0L NEQATIVE
INJECTOR 02 NEBATIVR
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LO001C GROUND
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PONER GROUND 20 POWER BRCUND
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NOTEM BETWEEN
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FIG. 30—INJECTOR DRIVER EDGE CONNECTIONS

FUEL INJECTION SYSTEM
FUEL PRESSURE REGULATOR AND
PRESSURE DAMPER—SAE J1862 FEB9O

SAE Recommended Practice

Rapert of the Gescline Fuel Injection Scandards Commictes approved Februsry 1990.

fuel injection systems are shown in Figures 1 and 2.

most commonly used is a hydromechanical
mmmmﬁsamzmmmm
turning to the fuel tank when closed. Typical fuel pressure regulators
are shown in Figures 3 and 4. The reguiator consists of two chambers
separated by a diaphragm. The fuel chamber contains a fuel inlet. a
fuel outlet, and a vaive. The air chamber contains a spring and is usuak

I "
s). Whes the fuel exceeds the set point
phveal Faiss the vaive off the st of the cuer page ad the
excess pressure is relieved by permitting o to the fue
mmmmwmum&mmmm@-
ue due to an accumulation of the following effects: slope, repeatability,
hvsteresis, response accuracy to a reference signal, and pro-
ducuon from to regulator. Figure 5 illustrates the

alty used to correct a symem
pressure or the need to extend the dymamic range of the fuel system.
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